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PREFACE 

TO 

THE    FIRST    EDITION 

In  writing  the  present  book  it  has  been  the  endeavour  of  the 
authors  to  furnish  to  students  a  simple,  yet  accurate,  account  of 
the  theory  and  design  of  the  modem  dynamo.  That  the  attain- 
ment of  this  aim  is  no  h'ght  task  we  are  only  too  well  aware. 
Such  a  book,  if  it  is  to  be  of  use  to  those  who  are  either 
engaged  or  about  to  engage  in  electrical  engineering  as  a  pro- 
fession, must  combine  both  the  theoretical  and  practical  sides  ; 
if  it  is  not  to  repel  the  general  scientific  reader,  it  must  be  free 
from  excessive  technicality ;  while,  lastly,  it  should  not  be  too 
mathematical,  since  it  is  intended  for  the  learner,  who  with  a 
general  knowledge  of  electricity  comes  to  the  special  study  of 
dynamos.  Most  of  all,  however,  is  it  important  that,  so  far  as  it 
goes,  its  statements  should  be  entirely  accurate.  If,  therefore, 
we  have  attained  something  of  the  all-saving  merit  of  accuracy, 
many  defects  on  other  scores  may  be  forgiven,  and  our  attempt  to 
write  a  new  book  on  so  well-worn  a  theme  cannot  be  pronounced 
to  have  been  entirely  vain.  A  completely  novel  treatment  of  the 
subject  must  be  either  erroneous  or  well-nigh  impossible  to 
devise :  any  writer  on  dynamos  must  necessarily  draw  from  the 
same  fountain-sources,  such  as  the  papers  of  Hopkinson,  Kapp, 
Swinburne,  and  Esson,  and  even  the  best  method  of  presenting 
much  of  this  accumulated  knowledge  may  have  been  worked  out 
by  some  previous  author.    To  such  well-known  writings  we  have 
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had  recourse  on  many  points,  and  if  it  should  be  deemed  that 
our  debt  in  this  respect  has  not  been  sufficiently  acknowledged, 
the  excuse  is  to  be  found  in  the  fact  that  it  is  both  useless  and 
impolitic  to  burden  the  pages  with  footnotes  explaining  in  detail 
each  and  every  original  source  whence  the  authors  have  gleaned 
their  facts  or  derived  their  theory. 

While,  therefore,  we  lay  no  claim  to  originality  (save  on  certain 
definite  points,  such  as  the  construction  of  the  equations  for 
magnetic  leakage,  for  the  heating  of  dynamos,  or  the  E.M.F.  of 
alternators),  yet  we  do  claim  a  certain  novelty  in  our  method  of 
treatment  by  which  these  facts  are  presented.  It  has  seemed  to 
us  that  a  systematic  and  methodical  analysis  of  dynamos — of  the 
causes  and  reasons  why  they  have  assumed  their  present  shape — 
if  only  it  be  complete  and  accurate,  so  far  as  its  scope  extends, 
would  still  be  sufficiently  novel  to  merit  attention.  Starting  with 
a  simple  inductor  cutting  the  lines  of  a  magnetic  field,  such  an 
analysis  would  gradually  evolve  in  natural  sequence  the  various 
combinations  of  inductors  which  constitute  the  windings  of  arma- 
tures, and  the  typical  forms  which  the  complete  machine  is  thence 
compelled  to  take ;  until,  finally,  the  whole  should  culminate  in 
the  description  of  actual  machines  as  manufactured,  and  the 
practical  design  of  one  or  more  dynamos  for  given  outputs. 

This  scheme  we  have  endeavoured  to  carry  out  in  the  follow- 
ing chapters ;  much  may  have  been  omitted,  and  portions  of  that 
which  we  have  inserted  may  be  trite,  but  it  is  our  hope  that  at 
least  there  will  be  little  in  our  pages  which  the  reader  can  in 
practice  afford  to  entirely  forget,  or  must  positively  unlearn. 
Further,  our  subject  has  been  *  the  dynamo,'  and  to  this  we  have 
closely  confined  ourselves.  However  tempting  it  might  be  to 
make  excursions  into  bordering  fields,  considerations  of  space 
forbade  any  but  the  most  cursory  treatment  of  them,  and  we  have 
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thought  it  better  to  deal  as  strictly  as  possible  with  the  dynamo, 
pure  and  simple,  rather  than  to  fill  our  pages  with  haphazard 
items  of  knowledge  about  motors,  or  central  stations,  or  systems 
of  electric  distribution. 

Finally,  we  wish  to  acknowledge  our  indebtedness  to  Mr.  Th. 
Raaschou,  with  whose  co-operation  the  earlier  chapters  were  in 
the  first  instance  begun ;  to  Mr.  A.  Fabian,  for  the  great  assistance 
which  he  rendered  us  in  the  preparation  of  many  of  the  diagrams  ; 
and  not  least,  to  many  of  the  leading  firms  of  electrical  engineers, 
by  whose  kindness  we  have  been  enabled  to  present  to  our  readers 
views  and  data  of  a  large  number  of  typical  dynamos. 
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CHAPTER  I 

INTRODUCTORY 

The  nature  of  the  dynamo  is  essentially  dual,  and  furthermore  it 
is  dual  in  two  ways  :  not  only  is  it  at  once  electrical  and  magnetic, 
but  it  also  has  a  mechanical  as  well  as,  and  in  contrast  to,  an 
electro-magnetic  aspect.  Its  theory  is  one  among  the  many 
meeting-grounds  of  electricity  and  magnetism,  and  its  design  is 
based  on  two  fundamental  equations,  of  which  one  may  be  called 
the  electrical  equation,  the  other  the  mechanical  equation, 
each  also  involving  the  facts  and  laws  of  magnetism.  Lastly, 
this  twofold  nature  finds  its  exact  counterpart  in  the  structure 
of  the  dynamo  as  a  machine,  for  it  may  broadly  be  regarded 
as  built  up  of  an  iron  or  magnetic  portion  and  a  copper  or  electric 
portion. 

In  general  terms  a  dynamo  may  be  defined  as  '  a  machine  in 
which  mechanical  energy  is  converted  into  electrical  energy  by 
means  of  continuous  relative  motion  of  an  electrical  conductor  or 
conductors  and  a  magnetic  field  or  fields,  such  motion  causing 
the  conductor  to  cut  or  traverse  the  lines  of  force  of  the  field' 
Taking  this  as  our  text,  our  aim  will  be  to  establish  it  generally, 
and  thence  to  deduce  the  principles  which  govern  the  design  of 
dynamos,  and  determine  the  practical  shapes  which  they  take. 

In  so  doing  we  have  at  the  outset  to  explain  certain  technical 
terms  which  appear  in  the  definition,  and  in  the  first  place  must 
consider  what  is  meant  by  the  expression  'electrical  energy.'    For 
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the  appearance  of  electrical  energy  there  are  required  two  factors, 
vi2.  an  electric  pressure,  or  electromotive  force,  and  a  current 
flowing  under  that  pressure,  and  until  both  are  present  there  is 
no  electrical  energy.  If  an  ek^trical  difference  of  pressure  has 
once  been  established  between  two  points  forming  the  ends  of  an 
electrical  conductor  or  system  of  conductors,  then  when  those  two 
points  are  further  joined  by  any  form  of  electrical  conductor  a 
current  flows  round  the  completed  circuit,  and  continues  to  flow  if 
the  electrical  pressure  be  maintained.  A  simple  and  often-quoted 
analogy  from  hydraulics  will  render  this  plainer  :  the  electric 
pressure  may  be  compared  to  a  head  of  water,  or  a  difference  of 
level  between  two  points,  in  virtue  of  which  water  will  flow  from 
the  higher  to  the  lower  level,  if  the  two  are  joined  by  a  pipe. 

When  such  a  channel  is  provided,  the  body  of  water  which 
previously  only  had  potential  energy  will  do  work,  as  in  turning  a 
water-wheel,  and  will  realise  its  potential  energy.  If,  however,  this 
development  of  power  is  to  be  continuous,  a  pump  must  be  pro- 
vided to  raise  the  water  from  the  lower  to  the  higher  level — ^in  other 
words,  to  keep  up  the  difference  of  level  in  virtue  of  which  the 
water  flows,  and  so  does  work.  In  exactly  the  same  way  a  current 
of  electricity  flowing  from  a  point  of  higher  electrical  level  or 
l^otential  to  a  point  of  lower  potential  does  work,  and  electrical 
energy  is  present ;  by  its  flow  it  tends  to  equalise  the  potential  of 
these  two  points,  and  it  will  only  continue  to  flow  so  long  as  there 
is  some  difference  of  potential  between  them.  Hence,  if  there  is 
to  be  a  continuous  flow  of  electricity  we  need  an  electrical  pump 
or  machine  to  constantly  maintain  the  pressure  in  virtue  of  which 
the  current  flows.  Such  an  electrical  pump  is  the  dynamo,  which 
is  therefore  primarily  and  essentially  a  generator  of  electrical 
pressure ;  its  sole  function  is  to  generate  an  electric  pressure  or 
electromotive  force,  and  subsequently  to  maintain  it,  when  a 
current  flows  under  that  pressure.  The  fact  of  a  current  flowing 
continually  makes  it  necessary  that  there  should  be  a  closed  circuit 
which  throughout  its  entire  path  conducts  electricity,  and  which 
contains  some  source  of  electromotive  force,  or  E.M.F. ;  in  the 
case  with  which  we  have  to  deal  this  latter  is  concentrated  within 
the  limits  of  the  dynamo  which  forms  part  of  the  circuit.  Hence 
any  system  containing  a  dynamo  at  work,  whether  lighting  lamps. 
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or  charging  accumulators,  or  driving  motors,  must  consist  of  a 
closed  circuit  divisible  into  two  portions  on  either  side  of  certain 
points.  In  fig.  i  there  is  shown  diagrammatically  a  closed 
electrical  circuit  round  which  a  current  is  flowing  and  part  of 
which  b  a  dynamo  in  its  simplest  form  ;  the  meaning  of  the  con- 
ventional symbols  will  be  apparent  later.  The  points  a  and  d 
divide  the  entire  circuit  into  two  portions ;  in  that  to  the  left,  which 
may  be  called  the  *  internal '  portion  of  the  circuit,  viz.  a  r^  d, 
a  certain  action  is  set  up  which  results  in  a  difference  of  electrical 
pressure  between  a  and  P,  a  being  at  a  higher  potential  than  d, 
and    therefore    having  a    +    or   positive   sign   attached   to   it. 
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Fig.  X. 


When  A  and  D  are  further  joined  by  the  external  portion  of  the 
circuit,  or,  as  it  is  called  for  shortness,  the  *  external  circuit,*  viz. 
A  R«  D,  a  current  flows  which  would  result  in  the  equalisation  of 
the  potential  throughout  the  whole  circuit,  and  would  then  cease, 
were  it  not  for  the  fact  that  R^  represents  a  dynamo  which  con- 
tinuously keeps  the  potential  of  a  higher  than  that  of  D.  The  two 
points  A  and  D  form  at  once  the  *  terminals '  of  the  machine  and 
the  *  terminals  *  of  the  external  circuit ;  the  current  flows  from  a 
to  D  in  the  external  circuit,  but  within  the  dynamo  itself  from  D  to 
a,  just  as  in  the  case  of  a  voltaic  battery,  where  the  current  flows 
from  the  positive  to  the  negative  pole  outside  it,  but  from  the 
n^ative  to  the  positive  pole  within  the  cell  itself.  If  we  replace 
the  dynamo  by  a  pump,  and  the  external  circuit  by  a  pipe, 
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through  both  of  which  water  is  kept  continuously  circulating,  the 
hydraulic  analogy  will  again  help  us  ;  the  dynamo  does  not,  strictly 
speaking,  generate  electricity  any  more  than  the  pump  generates 
the  water  ;  it  is,  however,  only  after  the  production  of  an  electrical 
difference  of  potential,  and  the  consequent  setting-up  of  a  current, 
that  the  electricity  becomes  manifest,  and  both  machines  generate 
and  maintain  a  certain  pressure,  in  the  one  case  hydraulic,  in  the 
other  electrical.  Neither  is  it  the  electricity  that  is  consumed  or 
lost  in  passage  round  the  circuit,  but  the  pressure  under  which  it 
flows,  just  as  the  *  head '  of  the  water  is  lost  in  its  passage  through 
the  pipe,  only  to  be  renewed  by  the  action  of  the  pump.  Further, 
the  mechanical  energy  developed  in  any  time  in  the  one  case  is 
proportional  to  the  quantity  of  water  flowing  round  the  system  in 
that  time  and  the  total  pressure  under  which  it  flows,  i.e.  to  the 
product  of  the  niimber  of  gallons  passed  and  the  pressure  in 
pounds  per  square  inch  ;  the  electrical  energy  in  the  other  case  is 
proportional  to  the  quantity  of  electricity  and  the  pressure,  i.e.  in 
the  practical  units  of  the  C.G.S.  system,  to  the  product  of 
coulombs  and  volts.  But  in  both  cases  we  are  more  concerned 
with  the  rate  of  development  of  the  energy  or  the  *  power '  of  the 
machine,  which  is  proportional  to  the  rate  of  flow  of  the  water 
in  gallons  per  minute  or  of  the  electricity  in  coulombs  per  second. 
The  rate  of  flow  of  electricity  is  called  the  current,  and  one 
coulomb  per  second  is  an  ampere  of  current.  Consequently  the 
power  of  the  dynamo  is  measured  in  volt-ampbres  or  *  watts,'  and 
it  is  in  such  units  that  its  value  as  a  machine  is  reckoned,  just  as 
the  mechanical  value  of  a  steam  or  other  engine  is  reckoned,  not  in 
foot-pounds  or  in  horsepower  hours,  but  by  its  horsepower  or  rate 
of  doing  work,  without  reference  to  any  particular  time.  Again, 
referring  to  our  system  of  flg.  i,  it  is  evident  that  if  we  wish  to 
make  use  of  the  water  forced  through  the  pipe  external  to  the 
pump  itself,  as,  for  instance,  if  we  wish  to  drive  some  form  of 
water-motor,  it  is  not  the  total  rate  of  development  of  energy 
throughout  the  entire  system  that  can  be  used,  but  only  the  rate 
of  development  of  energy  that  is  available  outside  the  pump.  Of 
the  total  work  done  by  the  pump  on  the  water  some  portion  is 
spent  in  overcoming  the  friction  which  resists  the  passage  of  the 
water  through  the  pump's  own   channels  and  valves,   so  that 
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the  available  power  is  less  than  the  total  power  of  the  pump.  Simi- 
larly the  '  output '  of  the  dynamo  is  its  external  power  or  its  rate  of 
development  of  available  electric  energy ;  that  is,  the  product  of 
the  voltage  between  the  points  a  and  d,  and  the  current  flowing 
through  the  external  circuit  r«  ;  or,  in  symbols,  if  E«=the  volts  at 
the  terminals  a  d,  and  c«=the  current  through  r«,  the  output  of 
the  dynamo  is  equal  to  e,c^. 

Electrical  energy  is  therefore  the  energy  developed  by  a  current 
flowing  under  an  E.M.F.,  and  the  output  of  a  dynamo  or  its  rate  of 
development  of  electrical  energy  external  to  itself  is  reckoned  in 
units  of  power  ;  the  watt  being  but  a  small  fraction  of  a  horsepower, 
it  is  more  convenient  to  express  the  output  in  *  kilowatts,'  or  units 
of  I, GOO  watts.  Since  the  output  is  always  proportional  to  the 
product  of  two  factors,  the  volts  and  the  amperes,  the  same  output 
may  be  due  to  a  great  variety  of  different  combinations ;  for  ex- 
ample, 10,000  watts,  or  10  kilowatts,  may  be  the  electrical  power  of 
either  10  amperes  flowing  under  a  pressure  of  1,000  volts,  or  of  100 
amperes  flowing  under  100  volts,  or  again  of  2,000  amperes  under 
a  pressure  of  5  volts.  These  three  illustrations  will  serve  to  empha- 
sise the  important  difference  between  machines  of  high  voltage 
and  small  currents  such  as  are  used  for  arc  lighting  or  transmission 
of  power  over  considerable  distances  or  for  the  distribution  of 
electricity  on  the  alternating  current  system,  and  machines  of 
moderate  voltage  and  current,  used  for  the  direct  lighting  of  incan- 
descent lamps,  or  finally  machines  supplying  large  currents  at  low 
voltages  such  as  are  used  for  electro-plating,  electro-depositing, 
and  other  chemical  or  metallurgical  processes  ;  although  their 
power  may  be  the  same,  the  construction  of  the  machines  is  very 
widely  different,  owing  to  the  different  natures  of  the  work  for 
which  they  are  respectively  suited. 

Now  by  the  principle  of  conservation  of  energy  it  is  impossible 
that  any  form  of  energy  can  be  absolutely  created  ;  in  any  machine 
it  can  only  be  transformed  from  one  form  to  another,  and  con- 
sequently in  the  case  of  the  dynamo  in  which  electrical  energy  is 
developed  it  is  necessary  to  ask  what  is  the  form  in  which  energy 
is  supplied  to  the  dynamo.  The  answer  is  given  by  our  definition, 
whidi  states  that  in  the  dynamo  it  is  mechanical  energy  which 
is  converted  into  electrical  energy.      Hence  the  output  of  the 
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dynamo  is  electrical  energy,  while  the  input  is  mechanical  energy. 
With  the  latter  as  supplied  by  a  steam  or  gas  engine,  turbine, 
waterwheel,  or  other  prime  mover,  all  are  familiar ;  in  any  such 
machine  motion  is  produced  against  a  resistance,  and  our  defini- 
tion requires  that  there  should  be  in  the  dynamo  continuous 
motion  of  one  portion  relatively  to  another  portion.  The  movable 
portion  of  the  dynamo  may  be  driven  by  means  of  a  belt  and 
pulley,  by  rope  gearing,  or  by  friction  gearing ;  or  it  may  be 
coupled  directly  to  the  main  shaft  of  the  prime  mover,  as  on 
to  the  crank-shaft  of  a  steam-engine  or  the  shaft  of  a  turbine  ;  but 
in  all  cases  when  electrical  energy  is  developed,  there  is  resistance 
to  the  motion,  and  consequently  mechanical  energy  is  consumed 
only  to  reappear  in  another  form.  The  rate  at  which  mechanical 
energy  is  supplied  to  the  dynamo  is  usually  measured  in  horse- 
powers, and  the  relation  between  the  two  units  in  which  rates  of 
development  of  mechanical  and  electrical  energy  are  respectively 
measured  is  such  that  one  horsepower  is  the  mechanical  equivalent 
of  746  watts,  whence  it  follows  that  i^  horsepower  is  nearly  equal 
to  one  kilowatt 

But  in  no  machine  can  the  conversion  of  energy  from  one 
form  to  another  be  carried  on  without  some  loss,  by  which  is 
meant  not  the  actual  disappearance  or  annihilation  of  energy 
(which  is  an  impossibility),  but  its  appearance  in  a  useless  form  or 
in  useless  places.  To  take  the  case  of  a  centrifugal  pump,  the 
rate  at  which  mechanical  energy  is  supplied  to  it  is  measured  by 
the  brake  horsepower  spent  on  its  shaft,  but  the  rate  at  which 
useful  energy  is  developed  is  determined  by  the  rate  of  flow  of 
water  under  the  pressure  created  by  the  pump  at  its  delivery 
outlet ;  some  of  the  work  done  on  the  shaft  of  the  pump  is  ex- 
pended in  heating  its  bearings  by  friction,  and  of  the  actual 
hydraulic  work,  as  has  been  already  pointed  out,  a  portion  is 
expended  in  driving  the  water  through  the  channels  of  the  pump 
against  the  resistance  of  fluid  friction.  Both  are  inevitable  losses, 
and  closely  analogous  to  them  are  the  losses  in  a  dynamo  ;  apart 
from  the  loss  by  friction  in  its  bearings,  we  have  seen  that  there 
is  a  necessary  loss  from  its  total  rate  of  development  of  electrical 
energy,  due  to  the  absorption  of  work  in  driving  the  current 
through  the  electrical  resistance  of  the  dynamo  itself.     In  con- 
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sequence  therefore  of  these  mechanical  and  electrical  losses,  if 
the  rate  of  supply  of  mechanical  energy  to  the  shaft  of  the  dynamo 
be  one  horsepower,  its  output  must  be  something  less  than 
746  watts.  Nevertheless,  of  all  machines  yet  invented,  the  dynamo 
may  now  rank  as  one  of  the  most  perfect  transformers  of  energy. 
The  *  efficiency '  of  the  dynamo  or  the  ratio  between  the  useful 
energy  obtained  from  it  and  the  energy  supplied  to  it  in  another 
form  is  very  high,  since  in  all  but  very  small  machines  it  is 
practically  and  commercially  possible  to  obtain  as  much  as  90  per 
cent  of  the  mechanical  energy  supplied,  returned  at  the  terminals 
of  the  dynamo  in  its  new  form  of  electrical  energy,  and  in  large 
machines  even  higher  percentages  are  frequently  attained     Much 
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Pig.  2.  —Two-pole  continuotis<un«nt  dynamo. 

improvement  cannot  therefore  be  expected  on  this  score,  and 
although  the  dynamos  of  the  future  may  be  cheaper  to  construct, 
they  will  scarcely  be  more  efficient. 

Let  us  now  consider  the  action  of  the  typical  dynamo  of  fig.  2, 
which  represents  in  elevation  and  section  a  two-pole  belt-driven 
machine  such  as  is  used  for  supplying  current  to  incandescent 
lamps  ;  dynamos  the  same  or  similar  in  design  have  been  and 
are  now  constructed  by  many  makers  in  perhaps  larger  numbers 
than  those  of  any  other  class.  We  have  said  that  any  dynamo 
consists  of  two  structural  portions,  between  which  relative  motion 
is  produced :  in  this  machine  the  stationary  portion  consists  of 
an  iron  horseshoe  magnet,  dd^  round  the  limbs  of  which  are 
wound  coils  ee  formed  of  many  turns  of  insulated  copper  wire  ; 


Digitized  by  VjOOQ  IC 


8  THE  DYNAMO 

its  two  pole-pieces,  n  and  s,  are  bored  out  so  as  to  nearly 
embrace  the  circumference  of  the  revolving  portion  a.  The 
latter  consists  of  a  cylindrical  iron  structure  rigidly  mounted  on 
a  steel  shaft  which  is  supported  at  either  end  by  bearings  and 
at  the  one  end  carries  a  pulley  ;  on  it  is  wound  a  number  of  turns 
of  insulated  copper  wire  lying  close  together  all  round  the  cir- 
cumference, and  passing  on  the  outside  longitudinally  across  from 
one  end  to  the  other :  these  turns  are  connected  at  one  end  to 
another  smaller  cylindrical  structure  known  as  the  *  commutator,' 
r,  on  which  rest  two  pairs  of  stationary  *  brushes,'  bb,  each  pair 
being  connected  electrically  to  one  of  the  two  terminals  of  the 
machine,  a,d.  The  action  of  the  machine  is  shortly  as  follows. 
By  sending  an  electrical  current  round  the  coils,  ee^  we  make  the 
iron  horseshoe  strongly  magnetic,  or,  as  it  is  termed,  *  excite '  a 
*  magnetic  field '  between  its  poles.  By  means  of  a  belt  passing  over 
the  pulley  the  shaft,  and  with  it  the  cylinder,  is  caused  to  rotate,  and 
so  move  relatively  to  the  magnet ;  at  once  an  electromotive  force 
is  set  up  in  each  of  the  copper  wires  under  the  pole-pieces,  the 
general  effect  of  which  may  be  broadly  summed  up  by  saying 
that  a  difference  of  electrical  potential  is  produced  between  t^e 
points  A  D,  just  as  was  the  case  in  the  simple  dynamo  of  fig.  i. 
Now  if  an  external  circuit  be  applied  to  these  terminals  this 
electrical  pressure  will  cause  a  current  to  flow  round  the  com- 
pleted circuit,  passing  on  its  way  through  the  copper  wires  them- 
selves. Directly  such  a  current  flows  we  have  electrical  energy 
developed,  and  therefore  mechanical  energy  must  be  supplied  to 
the  shaft  through  the  pulley ;  in  other  words,  as  soon  as  the 
circuit  is  closed,  and  a  current  flows,  the  revolving  portion  offers 
resistance  to  the  motion,  and  work  has  to  be  done  in  overcoming 
this  resistance.  But  what  is  the  *  magnetic  field '  which  we  have 
spoken  of  as  being  created  by  passing  a  current  through  the  coils 
encircling  the  magnet  ?    This  question  we  have  next  to  consider. 
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THE   MAGNETIC    FIELD 

Let  us  take  an  ordinary  straight  bar  magnet  and  place  it  across 
an  upright  piece  of  wood,  so  that  it  is  supported  in  the  air  away 
from  any  iron  by  means  of  the  prop  at  its  centre.  Let  us  next 
approach  it  with  a  small  *  magnetic  needle/  or  piece  of  steel  mag- 
netised along  its  length,  so  that  one  end  is  a  north  pole  and  the 
other  a  south  pole ;  we  may  use  for  the  purpose  either  a  little 
compass  needle  delicately  pivoted  by  a  jewel  or  agate  cap  on  a 
sharp-pointed  support,  so  as  to  be  free  to  move  in  a  horizontal 
plane,  or,  better  still,  a  magnetised  needle  suspended  by  its  centre 
of  gravity  at  the  end  of  a  thread,  so  as  to  be  free  to  set  itself  in 
any  plane,  horizontal  or  otherwise.  Now,  when  such  a  small 
needle  is  brought  up  near  to  the  bar  magnet,  it  will  be  found  that 
at  whatever  point  in  the  neighbourhood  of  the  magnet  it  is  placed 
it  will  set  its  length  or  magnetic  axis  in  a  definite  direction,  and 
if  thrust  aside  from  that  position  of  equilibrium  it  will  return  to 
it  and  to  no  other.  The  exact  direction  will  vary  according  to 
the  place  where  the  needle  is  held,  but  for  each  place  there  is  one 
particular  direction  in  which  it  will  always  set  itself.  And  this  is 
true  whether  it  be  held  above  or  below,  to  the  right  or  to  the  left 
of  the  bar  magnet ;  it  always  takes  up  its  definite  position,  with  its 
north  pole  pointing  more  or  less  directly  towards  the  south  pole  of 
the  large  magnet,  and  its  south  pole  towards  the  magnet's  north 
pole.  We  see  from  this  that  the  space  surrounding  the  bar  magnet 
is  in  some  way  different  from  the  same  space  when  the  magnet  is 
removed,  for  then  the  needle  will  always  point  to  the  earth's  north 
pole.  Our  first  aim  must  therefore  be  to  explore  the  surrounding 
space,  and  to  arrive  at  some  method  by  which  its  peculiar  properties 
can  be  adequately  described.    To  do  this  scientifically  we  require 
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to  examine  its  effects  upon  a  single  magnetic  pole ;  and,  conse- 
quently, the  small  needle  which  we  used  above,  and  which  had 
two  poles,  one  at  either  end,  is  not  strictly  the  exploring  instrument 
which  theory  demands.  Novf  vol  nature  it  is  absolutely  impossible 
for  the  two  poles  to  be  separated  so  that  a  north  pole  should 
exist  by  itself  and  apart  from  a  south  pole,  or  vice  versd  \  yet  by 
certain  devices  we  may  so  arrange  matters  that  the  one  pole  of  the 
exploring  needle  is  so  far  from  the  bar  magnet  as  to  be  practically 
uninfluenced  by  it,  and  thus  we  can  make  a  practical  approximation 
to  the  ideal  requirement  of  a  single  free  magnetic  pole. 

Suppose  that  we  place  our  bar  magnet,  still  supported  at  its 
centre,  in  the  middle  of  a  large  glass  vessel,  away  from  the  sides, 

and  All  up  the  vessel 
with  water  to  the  level 
of  the  magnet  (fig.  3). 
Let  us  then  magnetise 
a  very  thin  and  long 
piece  of  steel,  such  as 
a  knitting-needle,  and 
fix  it  vertically  with  one 
of  its  ends,  say  its  north 
pole,  in  a  piece  of  cork  ; 
if  we  now  place  the  cork 
in  the  water,  with  the 
needle  projecting  down- 
wards like  the  mast  of 
an  overturned  boat,  the 
whole  will  float,  with  the  top  of  the  cork  just  level  with  the 
water,  and  the  north  pole  of  the  needle  projecting  through  it 
so  as  to  be  level  with  the  bar  magnet.  The  other,  or  south 
end  of  the  needle,  will  then  be  so  far  away  from  the  bar  magnet 
that  we  may  regard  it  as  out  of  reach  of  the  influence  of  the 
latter,  and  may  therefore  consider  that  we  have  a  single  free 
north  pole  floating  on  the  water ;  for  the  cork,  being  non-magnetic, 
will  not  affect  the  result  in  any  way  whatever.  Let  us  now  bring 
our  exploring  boat  close  up  to  the  north  pole  of  the  magnet :  as 
soon  as  we  loose  our  hold  it  will  start  off  on  a  voyage  to  the  south 
pole,  and,  when  it  has  reached  it,  will  there  come  to  rest.     In  its 
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passage  from  the  north  to  the  south  pole  it  will  describe  a  certain 
curved  path,  as  shown  by  arrows  on  the  top  of  the  water  in  the 
diagram.  If  we  take  the  boat  back  and  place  it  at  another  part  of 
the  north  end  of  the  bar  magnet,  it  will  start  off  again,  but  along 
another  path,  perhaps  further  put  fr(xn,  or  perhaps  nearer  to,  the 
bar,  according  to  the  position  of  the  point  from  which  it  starts. 
The  same  will  be  repeated  also  on  the  other  side  of  the  bar  mag- 
net ;  further,  if  between  the  experiments  we  gradually  turn  the 
bar  magnet  over  on  its  side,  we  shall  find  that  similar  curves  are 
invariably  described  by  our  floating  north  pole,  until  after  having 
turned  it  through  180°,  we  see  that  there  is  no  difference  between 
any  of  the  four  sides  of  the  bar  magnet  as  regards  its  action  on 
the  exploring  pole. 

If  we  place  the  boat  far  away  from  the  magnet,  near  the  side 
of  Ihe  vessel,  perhaps  it  will  not  move  at  all  ;  yet  this  is  only 
because  the  magnetic  force  which  tends  to  drive  the  boat  may  not 
be  strong  enough  to  overcome  the  resistance  of  the  water  to  the 
boat's  motion,  and  if  we  take  the  needle  out  and  can  magnetise  it 
more  strongly,  we  shall  find  that  the  boat  will  start  on  one  of  its 
voyages  to  the  south  pole  in  whatever  part  of  the  water  it  is 
placed,  except  very  close  to  the  centre  of  the  bar. 

We  thus  find  by  experiment  that  a  magnet  influences  a  mag- 
netic pole  brought  into  its  vicinity  by  acting  upon  it  with  a 
certain  force,  which  at  any  point  tends  to  move  it  in  a  particular 
direction  :  this  force  is  not  always  in  the  same  straight  line,  but 
gradually  curves  round,  so  that  a  free  pole  moving  under  it 
traverses  a  definite  curved  path  between  the  north  and  south 
poles  of  the  magnet.  The  space  round  the  magnet  where  we  can 
detect  this  effect  is  called  the  *  magnetic  field,'  or  simply  the 
•field'  of  the  magnet  Further,  this  field  has  no  fixed  limits  in 
space,  since  the  distance  at  which  the  magnetic  force  can  be 
detected  depends  upon  the  sensitiveness  of  the  instruments  which 
we  employ  to  detect  it. 

Let  us  next  trace  out  the  various  paths  traversed  by  the  N.  pole 
of  our  boat :  they  were  all  described  on  the  horizontal  plane  of 
the  surface  of  the  water,  but  relatively  to  the  magnet  they  were 
traced  in  every  plane  which  contains  its  length,  since  the  magnet 
was  gradually  rotated  round  lengthwise  without  in  any  way  affect- 
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ing  the  character  of  the  curved  paths.  If,  therefore,  we  combine 
together  all  the  paths  which  we  have  seen  described,  they  will 
form  a  complete  system  of  lines  encircling  and  enveloping  the 
magnet  on  all  sides,  and  all  curving  round  from  the  north  to  the 
south  pole.     Fig,  4  gives  a  view  from  above  of  a  bar  magnet  in 

the  centre  of  a  system  of 
lines  described  in  every 
plane  containing  its 
length,  and  shows  how 
they  would  form  a  kind 
of  spheroidal  cocoon  of 
threads  stretching  from 
j  one  pole  to  the  other. 
Now  what  are  these  paths 
so  traced  out  ?  They  are 
*  lines  of  force,'  being  the 
pjq  ^  lines  or  paths   in  which 

a  single  magnetic  pole 
placed  in  the  field  at  any  point  will,  if  left  free  and  unconstrained, 
be  forced  to  move  from  the  one  pole  to  the  other,  A  tangent 
drawn  to  a  line  of  force  at  any  point  gives  the  actual  direction  of 
the  magnetic  force  at  that  point;  this  direction  is  continually 
changing,  and  the  lines  are  curved,  but  the  simple  pole  as  it  follows 
the  curves  is  assumed  to  be  uninfluenced  by  anything  of  the  nature 
of  centrifugal  force.  Since  our  exploring  boat  would  start  moving 
from  any  place  near  the  magnet  (except  just  at  its  centre,  where 
there  is  no  magnetic  force),  it  is  evident  that  the  number  of  such 
*  lines  of  force '  is  really  infinite,  yet  it  will  be  sufficient  to  mark  down 
a  number  large  enough  to  give  us  a  clear  idea  of  the  various  directions 
of  the  force.  And  this  the  more  so  because  it  will  be  found  that 
if  the  lines  are  traced  out  very  accurately,  no  two  lines  ever  cut  each 
other,  but  that  they  always  run  side  by  side,  more  or  less  converg- 
ing or  diverging,  but  never  intersecting ;  in  fact,  it  would  be  impos- 
sible for  two  or  more  lines  to  intersect,  since  at  any  point  in  the 
field  a  free  single  pole  can  only  move  in  one  particular  direction. 

But  not  only  have  the  lines  a  certain  position  in  space,  they 
have  also  a  certain  *  sense,'  as  it  is  termed ;  by  this  is  meant 
direction  in  the  further  sense  that  a  free  north  pole  set  down  on 
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any  line  will  move  in  one  direction  along  it,  while  a  free  south 
pole  will  move  in  the  opposite  direction.  It  is  conventionally 
agreed  that  the  positive  direction  of  the  lines  is  that  in  which  a 
north  pole  would  move,  and  hence  in  our  first  experiments  we 
chose  a  north  pole  to  place  in  our  exploring  boat ;  the  direction 
thus  given  to  the  lines  by  a  north  pole  is  usually  indicated  on 
them  by  arrowheads.  Consequently  all  the  lines  of  force  are 
regarded  as  emanating  from  the  north  pole  of  a  magnet  and 
*  flowing '  as  a  stream  round  to  the  south  pole  through  the  sur- 
rounding air.  Further,  what  is  their  relation  to  the  fixed  direc- 
tions which,  as  our  first  experiment  showed,  were  imposed  on  a 
small  compass  needle  when  brought  into  a  magnetic  field  ?  If  we 
eliminate  the  efifect  upon  it  of  the  earth  as  a  magnet,  it  will  be 
found  that  at  every  point  its  magnetic  axis  is  set  tangentially  to 
the  direction  of  the  curved  lines  of  force  ;  hence  the  pictiure  given 
to  us  by  our  system  of  lines 
of  force  enables  us  to  predict 
the  definite  position  which  a 
magnetised  needle  will  take 
up  at  any  point  in  the  space 
surrounding  the  bar  magnet. 
Fig.  5  shows  the  position  and 
direction  of  a  few  lines  sepa- 
rated out  from  the  number 
which  traverse  the  field  of 
a  magnet,  and  further  shows 
a  small  compass  needle  setting  itself  tangentially  to  their  direction. 
If  the  needle  be  small,  and  at  some  distance  from  the  magnet,  it 
does  not  move  as  a  whole  along  the  lines  of  force,  as  did  our 
single  magnetic  pole,  because  its  two  poles  are  nearly  equally 
affected  by  opposite  forces,  and  the  one  tends  to  move  in  the  one 
direction  as  strongly  as  the  other  in  the  opposite  direction.  Yet 
if  placed  athwart  the  lines  the  needle  is  acted  on  by  a  couple 
tending  to  rotate  it  until  its  axis  coincides  as  nearly  as  possible 
with  the  line  of  force ;  it  therefore  sets  itself  tangentially  to  the 
direction  of  the  lines  at  that  part  of  the  field  where  it  is  placed. 
Its  north  end  will  point  along  the  line  in  the  same  direction  as 
that  in  which  a  free  north  pole  would  move.    By  the  north  end  or 
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pole  of  a  magnet  we  shall  throughout  mean  that  which  points  to 
the  geographical  north,  or,  as  it  is  sometimes  termed,  is  north- 
seeking  ;  and  when  a  compass  needle  sets  itself  along  lines  of 
force,  the  end  which  points  towards  the  geographical  north,  if 
acted  on  by  the  earth's  field  alone,  will  indicate  the  positive  direc- 
tion of  the  lines  of  force,  or  point  down  the  lines  in  that  direction 
which  will  lead  us  to  the  south  pole  of  the  magnet 

We  have  now  seen  that  the  condition  of  space  which  we  call  a 
magnetic  field  can  be  usefully  represented  by  '  lines  of  force ' ;  to 
sum  up,  they  themselves  show  the  path  and  direction  in  which  a 
free  magnetic  pole  will  move  when  placed  in  the  field  at  any  point, 
and  a  tangent  to  them  shows  the  position  which  a  small  piece  of 
magnetised  material,  such  as  a  compass  needle,  will  take  up  under 
the  action  of  the  forces  on  its  two  poles. 

The  reader  will  probably  know  the  way  in  which  the  field  of  a 
magnet  is  illustrated  by  means  of  iron  filings  sifted  on  to  a  sheet 
of  glass  or  paper  held  over  a  magnet.  The  little  pieces  of  iron 
become  magnetised  by  induction,  as  it  is  termed,  along  their 
greatest  length,  so  that  one  end  forms  a  north  pole  and  the  other 
a  south.  They  then  resemble  our  compass  needle,  and  conse- 
quently set  themselves  end-on  along  the  direction  of  the  lines  of 
force  at  any  part  of  the  field  ;  where  the  plane  of  the  paper  cuts 
across  the  direction  of  the  lines  the  filings  stand  up  erect,  and 
give,  as  it  were,  a  view  of  the  lines  in  section  ;  where  the  direc- 
tions of  the  lines  fall  in  the  plane  of  the  paper  they  follow  along 
them  in  chains,  the  north  pole  of  each  little  magnet  clinging  to 
the  south  pole  of  its  next  neighbour.  Thus  in  the  case  of  a  bar 
magnet  laid  horizontally  on  its  side,  the  filings  collect  in  crowded 
tufts  above  the  poles  and  stand  up  nearly  vertically ;  firom  the 
edges  they  radiate  outwards,  and  gradually  curve  round,  forming 
more  or  less  closed  chains  in  the  horizontal  plane  of  the  paper. 
Meanwhile  there  is  one  point  on  which  the  picture  given  by  the 
iron  filings  must  not  be  allowed  to  mislead  us.  The  filings  arrange 
themselves  at  the  sides  of  the  magnet  in  curves  which  are  to  a 
certain  extent  broken  and  separated  off  by  intervals  in  which  there 
are  no  filings.  But  we  know  that  an  infinite  number  of  closely 
contiguous  lines  of  force  could  have  been  traced  out  by  means  of 
our  exploring  north  pole,  and  consequently  that  there  are  in  reality 
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no  gaps  in  the  magnetic  field  corresponding  to  any  gaps  between 
the  lines  of  the  iron  filings.  From  their  mutual  action  on  one 
another  the  magnetised  filings  tend  to  fall  into  lines  when  the  paper 
is  gently  tapped,  and  to  complete  those  lines,  leaving  interlinear 
bands,  rather  than  to  remain  spread  uniformly  over  the  surface, 
even  though  their  magnetic  axis  be  set  along  some  line  of  force. 

Yet  what  at  first  sight  seems  a  defect  in  the  picture  given  by 
the  iron  filings  may  serve  as  a  hint  to  suggest  a  method  by  which 
we  may  still  further  map  out  a  magnetic  field  so  as  to  fully  exhaust 
its  properties.  At  any  point  in  a  magnetic  field  the  force  acting 
on  a  pole  or  on  a  magnet  as  a  whole,  not  only  has  a  certain  posi- 
tion and  direction,  but  also  a  certain  magnitude  ;  in  other  words, 
the  magnetic  field  has  a  certain  intensity  or  strength.  This 
*  strength  of  field  *  must  again  be  estimated  by  reference  to  such  a 
simple  magnetic  pole  as  previously  gave  its  direction,  and  for  this 
purpose  the  pole  must  be  of  unit  strength.  Unit  pole  is  a  mag- 
netic pole  of  such  strength  that  if  it  is  placed  in  air  at  unit  distance 
from  another  such  pole  of  equal  strength  there  will  be  unit  force 
acting  between  the  two,  repelling  or  attracting  them  according  as 
they  are  of  the  same  or  opposite  sign.  Consequently  on  the  C.G.S. 
system  of  units  a  unit  north  pole,  placed  at  a  distance  of  one 
centimetre  in  air  from  a  south  pole  of  equal  strength,  will  be  at- 
tracted with  a  force  of  one  dyne.  The  strength  of  a  field  at  any 
point  is  estimated  by  measuring  the  force  with  which  a  unit  pole 
would  be  acted  upon  at  that  point.  A  field  is  therefore  of  unit 
strength  if  a  unit  pole  placed  in  it  is  acted  upon  by  a  force  of  one 
dyne.  The  field  of  a  bar  magnet  increases  in  strength  the  nearer 
we  approach  either  of  its  poles,  as  is  shown  by  our  north  pole  being 
strongly  attracted  or  repelled  when  close  up  to  the  south  or  north 
pole  of  the  magnet. 

Can  we,  then,  also  represent  the  strength  of  a  field  by  the  same 
geometrical  picture  of  magnetic  *  lines  of  force  *  ?  The  experiment 
with  the  iron  filings  suggests  a  method  by  which  this  can  be  done. 
It  has  been  stated  that  there  are  no  real  gaps  in  the  magnetic  field, 
but  that  the  force  pervades  the  whole  of  it,  varj'ing,  it  may  be,  in 
strength  in  diflferent  places,  yet  continuously  shading  off  from  one 
value  to  another  without  any  sudden  jumps  or  breaks ;  yet  the 
lines  of  force  indicated  by  the  filings  are  crowded  together  near 
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the  poles  where  the  force  is  strongest,  and  gradually  widen  out 
until  where  the  force  is  weakest  they  are  comparatively  widely 
scattered.  Now  suppose  that  we  cut  the  lines  by  a  plane  at  right 
angles  to  their  direction  at  any  point ;  obviously  we  should  have 
more  lines  per  unit  area  on  such  a  transverse  plane  if  it  is  taken 
neai  to  the  poles  than  if  it  be  placed  at  some  distance  from  them  ; 
consequently  the  density  of  the  lines  or  the  number  of  lines  tra- 
versing any  unit  area  in  a  plane  perpendicular  to  their  direction 
might  be  made  to  serve  as  a  guide  to  the  relative  strength  of  the 
force  at  diflferent  parts  of  the  field. 

If,  therefore,  out  of  the  infinite  number  of  lines  of  force  that 
could  be  drawn  at  any  part  of  the  field  we  select  a  certain  number 
of  marked  lines,  we  could  represent  the  magnitude  of  the  force 
acting  on  a  unit  pole  placed  in  any  part  of  the  field  by  the  close- 
ness or  sparseness  of  such  selected  lines  at  that  part ;  and  if  each 
selected  line  represents  a  force  of  one  dyne  acting  on  a  unit  pole, 
we  can  then  express  the  strength  of  the  field  by  stating  how  many 
such  lines  there  are  per  unit  area  of  cross-section  on  a  plane 
normal  to  their  direction.  Unit  field  will  have  one  line  per  unit 
area  of  such  a  plane,  because  unit  pole  placed  in  it  would  be  acted 
upon  by  unit  force,  or  on  the  C.G.S.  system  one  line  per  square 
centimetre  will  represent  a  field  acting  with  a  force  of  one  dyne 
upon  a  unit  pole. 

In  fig.  6  let  each  of  the  small  squares  represent  in  perspective 
one  square  centimetre  of  area  on  a  plane  at  right  angles  to  the 

direction  of  the  lines  of  the  field  : 

out  of  the  infinite  number  of  these 

^  as  represented  by  the  shading,  four 

selected  lines  stand   out,   and   if 

C.G.S.  lines,    as   they  are  called, 

indicate  a  field   of  such  strength 

Fig.  (s.  that  in  it  unit  pole  will  be  acted 

upon   by  a  force  of  four  dynes. 

By  such  unit  lines  the  intensity  of  a  field  can  be  numerically 

expressed;  e.g.  a  field  whose  intensity  or  strength  is  i,ooo  in 

C.G.S.  measure  means  one  in  which  the  number  of  C.G.S.  lines 

per  square  centimetre  on  a  plane  normal  to  its  direction  is  i,ooo, 

and  in  which,  therefore,  a  unit  pole  would  be  acted  on  by  a  force  of 
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1,000  dynes.  Thus  by  means  of  a  definite  system  of  lines  all  the 
properties  of  a  magnetic  field  can  be  accwatdy  represented,  its 
direction  and  its  strength  mapped  out  and  marked.  A  uniform 
field  will  be  graphically  represented  by  lines  running  parallel  to  one 
another  and  spaced  at  equal  distances,  as  in  figs.  13  and  20 ;  since, 
then,  wherever  the  unit  area  be  taken  on  a  plane  normal  to  the 
direction  of  the  field,  the  same  number  of  lines  traverse  it  A  field 
of  varying  intensity,  when  plotted,  will  aj^iear  with  a  varying 
density  of  lines,  yet  always  so  spaced  that  the  number  passing 
through  unit  area  on  the  normal  plane  is  equal  to  the  strength  of 
the  field  in  djrnes  when  acting  on  unit  pole  at  that  place.  To  ex- 
press its  strength,  so  small  an  area  of  cross-section  must  be  con- 
sidered that  the  density  of  lines  within  that  area  may  be  regarded 
as  uniform.  Fig.  21  shows  in  section  and  plan  portions  of  two 
fields  whose  intensities  gradually  decrease  as  we  move  towards  the 
central  gap  between  them,  the  direction  of  one  being  opposite  to 
that  of  the  other. 

Henceforth  the  unit  pole  will  disappear  from  our  pages,  and 
all  magnetic  phenomena  will  be  treated  by  means  of  the  imaginary 
conception  of '  lines.'  When  these  lines  of  the  field  are  spoken  of 
almost  as  if  they  had  actual  existence  in  Nature,  it  must  be  re- 
membered that  diey  are  only  a  device  for  expressing  clearly  and 
concisely  certain  physical  facts,  and  their  meaning  must  always  be 
sought  for  by  reference  back  to  the  free  imit  pole  of  north  polarity. 
We  may  compare  the  method  by  which  they  are  pictorially 
indicated  to  that  by  which  light  or  shadow  is  represented  in  line 
engraving :  a  strong  field  can  be  represented  by  a  shading  of 
closely-packed  but  separate  lines,  just  as  is  a  dark  shadow, 
although  both  field  and  shadow  have  no  structure  and  are  per- 
fecdy  continuous,  the  one  in  nature  and  the  other  in  the  picture 
whidi  the  engraving  represents  in  black  and  white.  The  conven- 
tionality of  the  method  is  shown  by  the  fact  that  we  sometimes 
have  to  deal  with  fractions  of  a  line  ;  for  example,  the  intensity  of 
the  earth's  field  in  England  is  such  that  it  would  act  on  a  unit 
pole  with  a  force  of  -47  or  about  half  a  dyne ;  such  a  case  would 
be  represented  by  half  a  line  per  square  centimetre,  or,  as  this 
could  not  be  pictorially  represented,  by  one  line  passing  through 
every  two  square  centimetres  of  area  on  the  normal  plane. 
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CHAPTER   III 

THE  MAGNETIC  CIRCUIT 

In  the  preceding  chapter  the  magnetic  field  existing  outside  a 
straight  bar  magnet  has  been  mapped  out  by  means  of  lines  of 
force  which  were  found  to  emanate  from  its  north  pole  and  enter 
into  its  south  pole  ;  but  it  still  remains  to  ask,  What  is  the  internal 
condition  of  the  bar  magnet,  and  can  we  still  further  extend  the 
method  to  its  interior  ?  Obviously  we  cannot  make  any  exploring 
experiment  within  the  mass  of  the  iron,  even  with  the  approxima- 
tion to  a  single  free  pole  which  we  previously  used,  and  the  ques- 
tion can  therefore  only  be  decided  by  theory  as  explanatory  of 
all  the  phenomena  connected  with  the  subject ;  and  to  help  us 
to  form  such  a  theory  we  must  next  consider  the  magnetic  field 
surrounding  a  conductor  which  is  conveying  an  electric  current. 

In  the  year  1819  a  Danish  physicist,  Oerstedt,  discovered 
that  when  a  magnetic  needle  was  brought  near  a  wire  carrying  an 
electric  current,  it  was  deflected  into  a  definite  position  relatively 
to  the  wire ;  in  other  words,  between  the  conductor  conveying 
an  electric  current  and  the  magnet  he  found  that  there  existed  a 
certain  magnetic  force  which,  if  the  conducting  wire  were  station- 
ary, and  the  needle  movable,  would  cause  the  latter  to  set  itself 
in  a  definite  direction  :  for  example,  if  the  conductor  conveying 
the  current  is  a  long  straight  wire  held  horizontally  over  a  com- 
pass needle,  the  latter  tends  to  set  itself  at  right  angles  to  the 
length  of  the  wire  ;  and,  further,  the  direction  in  which  its  nortli 
pole  points  when  it  has  so  set  itself  depends  upon  the  direction  in 
which  the  current  is  flowing  in  the  wire. 

Hence  we  see  that  it  is  not  only  permanent  magnets  of  steel 
which  have  a  magnetic  field ;  an  electric  current  is  also  surrounded 
by  such  a  field,  and  upon  this  fact  depends  the  whole  principle  of 
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dynamo-electric  machinery.  The  simple  experiment  of  Oerstedl 
was  in  fact  the  first  instance  that  had  been  observed  of  the  con- 
version of  electrical  energy  into  mechanical  work,  and  as  such 
illustrated  the  principle  of  the  electric  motor  ;  for  the  needle  as  it 
moves  could  be  made  to  do  mechanical  work. 

In  order  to  map  out  more  definitely  the  magnetic  field  due  to 
an  electric  current  fiowing  in  a  straight  wire,  we  will  again  have 
recourse  to  the  picture  given  us  by  iron  filings.  Let  us  pass  a 
straight  wire  through  a  hole  in  a  piece  of  cardboard  or  glass  plate 
held  at  right  angles  to  the  vertical  wire,  send  a  current  through 
the  wire,  and  sprinkle  iron  filings  on  the  plate  ;  as  in  the  similar 
experiment  with  the  bar  magnet,  the  filings  will  arrange  them- 
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selves  in  certain  lines,  which  in  this  case  are  concentric  circles 
having  the  wire  as  their  centre  (fig.  7).  We  can  slide  the  plate 
up  and  down,  while  still  keeping  it  in  a  plane  perpendicular  to 
the  axis  of  the  wire,  and  there  will  be  no  alteration  in  the  shape 
of  the  figures.  Now  the  circles  thus  formed  show  us  the  position 
and  distribution  of  the  lines  of  force  of  the  field,  and  by  examina- 
tion of  them  we  find  that  a  rectilinear  portion  of  an  electric 
circuit,  such  as  a  straight  wire,  surrounded  by  air,  and  traversed 
by  a  current  of  which  the  return  path  is  a  considerable  distance 
off,  is  surrounded  by  concentric  circular  lines  of  force,  in  a  plane 
perpendicular  to  the  axis  of  the  wire,  and  having  their  centre  in 
its  axis. 

To  the  right  of  fig.  7  the  position  of  a  few  of  the  lines  cf 
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force  surrounding  a  straight  conductor  is  shown  more  clearly, 
together  with  a  sniall  compass  needle  setting  itself  tangentially  to 
the  lines;  the  current  is  supposed  to  be  flowing  downwards 
through  the  plane  of  the  paper,  and  the  direction  of  the  lines  as 
marked  by  arrowheads  is  seen  to  be  clockwise.  By  means  of  the 
compass  needle,  whose  north  pole  will  always  point  in  the  positive 
direction  of  the  lines,  it  will  be  found  that  the  direction  of  the 
lines  is  related  to  the  direction  of  the  current,  just  as  the  direction 
of  rotation  of  an  ordinary  right-handed  screw  is  associated  with  the 
direction  of  its  forward  or  backward  movement  as  viewed  from  its 
head  to  which  the  screw-driver  is  applied.  For  example,  in  fig.  8, 
if  the  screw  is  to  be  driven  in  from  right  to  left,  it  is  rotated  in  a 
clockwise  direction,  as  seen  from  the  end  a,  and  similarly  with  a 
current  flowing  from  right  to  left  the  positive  direction  of  the  lines  or 
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Fig.  8. 


the  direction  in  which  a  free  north  pole  would  be  impelled  round 
and  round  the  conductor  is  also  clockwise ;  if  the  direction  of  the 
current  is  reversed,  or  the  screw  is  being  drawn  out  from  left  to 
right,  its  direction  of  rotation  is  counter-clockwise,  and  so  also  is 
the  direction  of  the  lines. 

The  position  and  direction  of  the  lines  of  force  surrounding  a 
straight  conductor  have  now  been  given,  and  their  distribution  is 
again  shown  by  the  iron  filings  :  these  are  crowded  together  more 
closely  near  the  wire,  and  thus  show  that  the  strength  of  the  field 
is  greatest  immediately  round  it,  and  gradually  diminishes  as  the 
radial  distance  from  the  wire  is  increased.  Further,  if  the  strength 
of  the  current  through  the  wire  be  increased,  the  rings  of  iron 
filings  will  crowd  together  still  more  closely  in  all  parts  of  the  field, 
though  still  being  relatively  scattered  at  some  distance  away ;  in 
short,  the  strength  of  the  field  varies  directly  as  the  strength  of 
the  current,  and  inversely  as  the  radial  distance  from  the  wire. 

One  more  peculiarity,  which  is  as   yet  entirely  new  to  us. 
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remains  to  be  noticed  :  it  is  that  the  lines  of  force  are  in  this  case 
closed  or  endless  curves,  entirely  surrounding  the  axis  of  the  wire. 
When  any  line  is  traced  along  its  entire  course  we  eventually 
arrive  at  the  same  point  as  that  from  which  we  started  to  trace  it. 

Next  let  us,  as  in  fig.  9,  bend  the  wire  round  so  as  to  form  a 
closed  loop,  the  ends  being  twisted  together  and  insulated  from 
one  another,  so  that  the  current  passes  round 
the  entire  loop  ;  at  once  it  will  be  seen  that  if       /''     ■-/•% 
the  lines  of  such   a   current-loop  retain    the       :' 
general  character  of  the  lines  due  to  a  straight  \  ' 
conductor,  they  will,  all  of  them,    pass   right  ^  ^' 
through  the  loop,  entering  into  one  fece  of  it 
and  issuing  outwards  from  the  other,  and  such    ^  . 
is  in  reality  the  case.    The  field  of  such  a  loop       • 
can  be  explored  by  means  of  a  small  compass 
needle,  and  we  shall  find  that  it  not  only  takes  fio.  9. 

up  a  definite  direction  when  outside  the  loop, 
but  also  when  placed  inside  it ;  and  as  so  traced  the  lines  are 
found  to  pass  through  the  loop,  and  thence  gradually  to  expand  into 
curves  which  are  larger  and  larger  as  we  pass  from  the  centre  of 
the  loop  outwards  until  they  become  too  indistinct  to  be  traced. 

Again,  therefore,  the  lines  are  closed  curves,  interlinked  with 
a  closed  electric  circuit,  like  a  number  of  rings  threaded  on  to  one 
common  ring.  By  again  applying  the  rule  of  the  screw  to  the 
modified  case  of  our  circular  conductor,  it  will  be  found  that  the 
direction  of  the  lines  as  they  pass  through  the  loop  is  associated 
with  the  direction  of  the  current  round  the  loop,  just  as  is  the 
movement  of  a  right-handed  screw  with  the  direction  of  its 
rotation,  and  this  leads  us  to  the  following  extremely  simple  and 
convenient  rule  :  Curve  the  right  hand  round  the  outside  of  the 
loop,  keeping  the  palm  towards  its  axis,  so  that  the  direction  of 
the  flow  of  current  is  from  the  wrist  to  the  tips  of  the  fingers ;  then 
the  outstretched  thumb  will  point  along  the  positive  direction  of 
the  lines  within  the  loop,  the  face  from  which  they  issue  being 
therefore  on  the  same  side  of  the  hand  as  the  thumb. 

Now,  since  all  the  lines  enter  into  one  face  of  the  loop  and 
issue  from  the  other,  the 'loop  may  be  said  to  have  a  south  and  a 
north  face,  just  as  a  bar  magnet  has  a  north  and  a  south  end ;  and 
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the  loop  will,  in  fact,  act  in  every  respect  exactly  as  if  it  were  a 
thin  circular  magnet  magnetised  transversely  along  its  shortest 
axis  ;  it  will  repel  or  attract  other  magnets  according  as  the  face 
which  is  presented  to  them  is  of  the  same  or  opposite  polarity, 
and  if  suspended  so  as  to  be  free  to  move,  it  will  set  itself  in 
a  plane  perpendicular  to  the  magnetic  meridian,  so  that  its  north 
side  faces  the  geographical  north. 

Thus,  for  the  circular  electric  current  we  might  in  imagina- 
tion substitute  a  thin  disc  of  magnetised  iron  or  steel,  or,  as 
it  is  termed,  a  *  magnetic  shell  *  coinciding  in  form  with  the  loop, 
and  having  one  face  a  north  pole  and  the  other  a  south  pole. 
The  external  effect  of  such  a  magnetic  shell  would  be  identical 
with  that  of  the  current- loop ;  their  external  fields  would  be 


the  same,  only  in  the  case  of  the  iron  magnet  we  could  not  trace 
the  passage  of  the  lines  through  its  substance  by  means  of  a 
compass  needle. 

Next  let  us  place  several  such  loops  of  current  side  by  side  in 
a  straight  line.  This  is  best  effected  by  coiling  up  one  and  the 
same  length  of  insulated  wire  into  a  number  of  closely-contiguous 
turns,  the  ends  being  brought  back  through  the  centre  of  the 
hollow  cylinder  so  formed  (fig.  lo).  Such  an  arrangement  is 
called  a  *  solenoid,'  and  when  its  field  is  explored  by  a  compass 
needle  the  lines  (a  few  of  which  are  shown  in  the  diagram)  will 
be  found  to  run  right  through  the  cylinder,  issuing  forth  from  and 
entering  into  one  or  other  end  according  as  the  current  flows  in 
one  or  other  direction  round  it    Again,  by  the  application  of  the 
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righi  hand  curved  round  the  outside  of  the  helix  with  the  palm 
towards  the  axis,  and  so  placed  that  the  current  flows  from  wrist 
to  finger-tips,  the  direction  of  flow  of  the  lines  through  the 
solenoid  is  given  by  the  fact  that  the  thumb  points  to  the  north 
pole  or  end  from  which  they  issue.  Now,  just  as  a  single  loop  was 
found  td  be  equivalent  to  a  magnetic  shell,  so  a  solenoid  is  equi- 
valent to  a  bar  magnet ;  as  regards  its  external  field,  it  will  set 
itself  nOTth  and  south  when  suspended  freely,  and  exhibit  direc- 
tive, attractive,  and  portative  effects  just  like  a  bar  magnet. 

Now  let  us  insert  into  the  hollow  space  within  our  solenoid  a 
cylindrical  'core'  of  unmagnetised  iron  or  steel,  extending  from 
the  one  end  to  the  other,  and  examine  the  efiects  thereby  pro- 
duced \  although  entirely  insulated  from  it  electrically,  it  will  be 
found  that  a  north  pole  is  developed  at  the  one  end  of  the  iron, 
and  a  south  pole  at  the  other,  so  that  the  whole  arrangement  still 
acts  externally  just  as  did  the  simple  solenoid,  which  itself  was  like 
a  permanent  bar  magnet,  only  now  its  attractive  and  directive 
force  is  very  much  increased.  Owing  to  the  electric  current  cir- 
culating round  the  turns  of  the  solenoid,  the  iron  becomes  magnet- 
ised by  '  induction,'  as  it  is  termed,  polarity  being  induced  in  it 
by  the  magnetic  field  in  which  it  was  placed.  We  have,  in  fact,  an 
'electro-magnet '  whose  magnetism  depends  upon  the  presence  of 
the  '  exciting  current '  circulating  round  it ;  when  this  current  is 
interrupted  the  iron  almost  or  entirely  ceases  to  attract ;  as  soon 
as  circuit  is  again  made,  at  once  the  iron  becomes  magnetised  ;  it 
can  therefore  be  made  a  magnet  at  will.  The  external  field  of 
the  excited  electromagnet  is  closely  analogous  in  its  distribution  to 
that  of  the  solenoid  before  the  iron  core  was  inserted,  the  only 
diflerence  being  in  the  greater  strength  of  the  field  of  the  electro- 
magnet \  and,  further,  it  is  closely  analogous  to  the  field  surrounding 
a  permanent  bar  magnet  as  previously  mapped  out.  Now  we 
have  seen  that  in  the  simple  solenoid  without  any  iron  core  the 
lines  of  force  were  closed  curves  which  passed  right  through  its 
interior ;  it  is  therefore  reasonable  to  assume  that  if  we  could 
explore  the  interior  of  the  iron  core  placed  inside  the  solenoid,  the 
lines  would  be  found  to  traverse  its  substance  from  end  to  end  in 
a  manner  exactly  similar  to  that  in  which  they  traverse  the  hollow 
solenoid  ;  and,  further,  it  is  reasonable  to  assume  that  the  same  is 
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also  the  case  with  the  permanent  bar  magnet  This  view  is,  in 
fact,  the  basis  upon  which  the  whole  of  the  modern  theory  of 
magnetism  rests ;  its  complete  justification  and  establishment 
would  lead  us  so  far  afield  that  the  reader  must  rest  content  with 
the  above  proof  by  analogy. 

The  assumption  which  is  here  made  needs,  however,  to  be 
rendered  more  definite  and  explicit.  When  a  piece  of  unmag- 
netised  iron  is  placed  in  a  magnetic  field,  and  so  magnetised  by 
*  induction,'  every  small  portion  of  it,  wherever  situated,  has  a 
definite  magnetic  axis,  which  is  the  direction  of  magnetisation  at 
that  place.  Now,  if  a  transverse  cut  be  supposed  to  be  made  in 
the  iron  at  right  angles  to  the  direction  of  magnetisation  at  any 
place,  and  the  free  unit  north  pole  of  theory  be  brought  to  the 
place  in  question  within  the  infinitely  thin  air  gap  formed  by  the 
cut,  it  would  be  acted  upon  by  a  certain  force,  which  when 
expressed  in  dynes  is  known  as  the  '  magnetic  induction '  at  that 
place.  This  force  can,  as  before,  be  represented  in  direction  and 
magnitude  by  C.G.S.  lines,  so  spaced  that  the  number  traversing  a 
square  centimetre  of  the  transverse  section  is  equal  to  the  number 
of  dynes  of  force  which  act  on  the  unit  north  pole.  By  continu- 
ing our  imaginary  exploration  with  a  unit  north  pole  the  *  induc- 
tion '  at  any  part  of  the  transverse  section  which  we  have  made  in 
the  iron  could  be  mapped  out,  and  by  means  of  a  number  of  such 
sections  similarly  explored  we  should  arrive  at  a  complete  system 
of  lines  of  force  within  the  iron,  mapped  out  by  a  particular  and 
definite  process :  as  so  mapped  out  they  are  called  *  lines  of 
induction,'  since  they  indicate  the  direction  and  strength  of  the 
'  induction '  at  any  point.  The  origin  of  this  term  is  rendered 
more  evident  if,  as  above,  a  piece  of  unmagnetised  iron  is  con- 
sidered in  which  magnetism  is  induced,  but  the  fact  conveyed  by 
the  technical  expression,  ^  the  magnetic  induction,'  and  the  entire 
process  by  which  the  lines  of  induction  are  arrived  at,  are  equally 
applicable  to  any  piece  of  iron,  whether  it  be  an  electromagnet  or 
permanently  magnetised,  and  they  are,  in  fact,  so  applied.  The 
density  of  such  lines  per  square  centimetre  of  area  on  a  plane 
perpendicular  to  their  direction,  i.e.  'the  induction '  at  any  part 
of  the  iron,  is  symbolised  by  b,  and  its  numerical  value  is  the  force 
in  dynes  acting  on  a  unit  pole  when  the  above  process  is  strictly 
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adhered  ta  The  'total  induction'  through  any  area  of  cross- 
section  is  the  total  number  of  such  lines  that  cross  the  area  in 
question.  Now  the  reason  for  the  introduction  of  the  above 
method  of  exploring  the  interior  of  a  piece  of  magnetised  iron 
with  all  its  necessary  precautions  and  exactitude  is  that  the  lines 
of  induction  so  mapped  out  in  the  iron  are  the  continuations  of 
the  lines  of  force  which  we  previously  mapped  out  in  the  field 
external  to  an  iron  magnet ;  these  latter  when  traced  by  a  small 
compass  needle  were  found  to  spring  from  and  end  at  the  polar 
surfaces  of  the  magnet ;  beyond  that  we  were  unable  to  trace 
them,  although  the  evidence  of  the  lines  of  force  round  and 
through  a  solenoid  enabled  us  to  guess  their  continuance  through 
the  mass  of  the  iron  itself.  But  now  theory  has  shown  us  the 
method  by  which  they  can  be  traced  through  iron  ;  there  are  as 
many  lines  of  induction  passing  through  the  iron  of  a  magnet  as 
there  are  lines  in  its  external  field,  and  each  line  of  induction  in 
the  iron  finds  its  appropriate  continuation  in  one  of  the  lines  of 
the  external  field  as  originally  mapped  out  by  our  compass  needle. 
These  latter  lines  are,  in  fact,  lines  of  induction  in  the  air^  and 
could  have  been  mapped  out  by  the  same  process  as  above 
described  for  lines  within  iron ;  and  similarly  the  symbol  b  can 
be  extended  to  express  their  density  per  square  centimetre  in  air. 
Such  a  process  leads,  however,  to  exactly  the  same  system  of  lines 
as  we  have  previously  discovered  by  simple  experiment  with  a 
compass  needle,  so  that  the  lines  which  have  been  described  as 
encircling  a  straight  wire  conveying  a  current,  or  a  loop,  or  a 
hollow  solenoid,  were  all  lines  of  induction  in  the  air.  Hence  in 
air  the  precautions  of  the  method  are  unnecessary,  and  it  is 
simpler  to  start  with  the  ready  method  of  mapping  out  a  magnetic 
field  as  first  described.  We  have  now,  therefore,  arrived  at  the 
following  results  :  Every  line  of  induction  is  a  closed  curve,  which 
either  loops  round  an  electric  current  or  currents  (and  in  this  case 
may  be  entirely  in  air  or  entirely  in  iron,  or  partly  in  the  one 
and  partly  in  the  other),  or  at  some  portion  of  its  endless  path 
passes  through  a  piece  of  permanently  magnetised  steel  or  iron. 
Wherever  lines  of  induction  issue  out  of  iron  into  air  or  other 
non-magnetic  material,  there  a  north  pole  is  developed;  and 
wherever  they  enter  from  air  into  iron,  there  we  have  a  south 


Digitized  by  VjOOQ  IC 


26  THE  DYNAMO 

pole  :  within  the  iron  their  direction  is  from  south  to  north,  with- 
out it,  from  north  to  south.  Lines  of  induction  are  lines  of  force 
according  to  our  original  definition,  whether  they  are  in  air  or 
iron,  but  in  the  latter  they  are  lines  of  force  mapped  out  by  the 
particular  method  described.  The  expression  Mines  of  force 
within  the  iron  *  is,  however,  often  confined  to  a  system  of  lines 
mapped  out  by  a  different  theoretical  process,  and  from  which 
lines  of  induction  have  to  be  distinguished.  For  the  exact  nature 
of  and  reason  for  this  distinction  it  must  suffice  to  refer  to  larger 
works  dealing  more  fully  with  the  subject*  Now  in  dynamos  the 
E.M.F.  of  the  machine  is,  as  we  have  said,  generated  by  certain 
movements  of  electric  conductors  through  a  magnetic  field  in  air, 
for  the  conductors,  though  wound  over  or  laid  on  iron,  are  in  effect 
entirely  surrounded  by  air  or  other  non-magnetic  material.  Since, 
therefore,  in  the  air  no  distinction  need  be  made  between  lines  of 
force  and  of  induction,  whatever  the  theoretical  method  by  which 
they  are  plotted,  and  they  are  identical,  the  E.M.F.  may  indiffer- 
ently be  said  to  be  due  to  movement  through  either  lines  of  force 
or  of  induction.  But  in  every  dynamo  the  field  is  produced  either 
by  one  or  more  electromagnets  or  by  permanent  steel  magnets ; 
hence  the  lines  with  which  we  have  to  deal  have  always  passed 
through  iron  at  some  portion  of  their  path,  and  are  in  every  sense 
lines  of  induction.  In  future,  therefore,  we  shall  deal  solely 
with  lines  of  induction,  and  invariably  speak  of  the  E.M.F.  of 
dynamos  as  dependent  on  'lines  of  induction.' 

Returning  to  the  solenoid  of  fig.  lo  we  have  already  stated 
that  the  strength  of  its  field  is  very  much  increased  by  the  inser- 
tion of  an  iron  core  ;  in  other  words,  the  total  number  of  lines  of 
induction  passing  through  the  solenoid  and  spreading  out  to  form 
the  external  field  has  been  enormously  increased  by  the  presence 
of  the  iron  core.  This  result  can  only  be  traced  to  some  specific 
property  of  the  iron  as  iron  ;  if  we  insert  a  core  of  wood,  or  glass, 
or  porcelain,  or  any  non-metallic  substance,  no  difference  can  be 
found  as  compared  with  the  same  solenoid  encircling  only  air. 
The  same,  too,  may  be  said  if  we  try  any  of  the  metals,  with  the 

^  For  a  short  epitome  of  the  subject  see  Professor  J.  A.  Reming's  The 
Alternate  Current  Transformer^  i.  13,  14 ;  also,  for  a  detailed  statement, 
Prof.  J.  A.  E wing's  original  papers  in  Proc.  R,S, 
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single  exceptions  of  iron,  cobalt,  or  nickel,  and  certain  of  their 
alloys  and  compounds ;  and  even  in  the  case  of  cobalt  or  nickel 
their  effect  though  sensible  to  delicate  measuring  instruments  is 
not  to  be  compared  with  that  of  iron.  But,  more  than  this,  the 
strength  of  field  of  an  electromagnet  with  a  core  of  soft  annealed 
wrought  iron  can  be  made  much  more  intense  than  that  of  any 
combination  of  permanent  steel  magnets  of  reasonable  dimensions. 
It  is  owing  to  this  fact  that  the  magnetic  field  which  must  be 
present  in  any  dynamo  is  now  almost  always  produced  by  means 
of  electromagnets,  strongly  excited  only  when  the  dynamo  is  in 
use  ;  so  long  as  the  electrical  engineer  was  dependent  on  perma- 
nent steel  magnets  for  supplying  him  with  a  magnetic  field,  the 
powerful  dynamos  of  the  present  day  were  impossible. 

But  what  is  the  strength  of  the  field  in  the  case  of  any  given 
solenoid?  To  determine  this  question  let  us  take  a  ring  of  wood 
of  circular  cross-section  and  wind  upon  it,  and  uniformly  all 
round  it,  a  number  of  turns  of  insulated  copper  wire  through 
which  an  electric  current  can  be 
passed  (fig.  1 1) ;  there  is  now  no 
externa]  magnetism  and  no  poles, 
since  the  lines  of  induction  form 
closed  curves  entirely  within  the 
loops  of  the  solenoid,  but  by  means 
of  a  ballistic  galvanometer  the 
number  of  lines  passing  through 
the  solenoid  can  be  measured  in  a 
manner  which  at  this  point  we  need 
not  further  describe.  It  will  be 
found  that  the  strength  of  the  field 
is  increased  by  increasing  the 
strength    of    the    current    flowing 

through  a  given  number  of  turns,  or  by  increasing  the  number 
of  turns  through  which  a  given  current  flows  ;  it  is,  in  fiact,  with 
a  non-magnetic  core  simply  proportional  to  the  product  of  the 
current  and  the  turns  through  which  it  flows,  i.e.  to  the  ampere- 
turns  of  the  solenoid ;  and  this  product  is  called  the  '  exciting 
power  *  of  the  solenoid.  For  example,  if  a  certain  strength  of 
field  is  produced  by  an  exciting  power  of  10,000  amp^re-tums 
wound  round  the  ring,  it  is  indifferent  whether  these  be  made  up  by 
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loo  amperes  flowing  through  loo  turns  or  one  amp^  through 
10,000  turns.  Further,  with  the  given  number  of  ampire-tums, 
the  strength  of  the  field  is  inversely  proportional  to  the  length  of 
the  circumference  of  a  circle  passing  centrally  through  the  interior 
of  the  ring-core.  If,  therefore,  the  strength  of  field  within  the 
solenoid  or  number  of  lines  per  unit  area  of  its  cross- section  is 
symbolised  by  H,  the  general  law  is  summed  up  by  the  equation 

AT 
HOC—, 

where  at  are  the  ampire-turns  and  /=the  circumference  corre- 
sponding to  the  mean  diameter  of  the  ring  ;  or  if  /  is  in  centi- 
metres and  H  in  C.G.S.  lines  per  square  centimetre, 

where  ^=o*4ir,  or  i'256.  The  density  of  the  lines  within  the 
solenoid  is  uniform  over  its  area  of  cross- section,  and  hence  the 
total  number  of  lines,  z,  passing  through  it  is  equal  to  the  density 
of  the  lines  per  unit  area  multiplied  by  the  area,  or  z=Hxa, 
where  a=the  area  in  square  centimetres  encircled  by  the  loops. 

Now  H  is  the  strength  of  field  within  the  solenoid  when 
enwrapping  wood  or  air  or  other  non-magnetic  material ;  but  if 
for  the  ring  of  wood  we  substitute  a  ring  of  iron  of  the  same 
shape  and  size,  and  wrap  round  it  the  same  exciting  power,  we 
know  that  the  number  of  lines  and  their  density  is  much  increased. 
Let  B=this  new  value  for  the  density  of  the  lines ;  then  Bs=fiH, 
where  fi  is  a  numerical  coefficient  expressing,  as  it  were,  the  multi- 
plying power  of  the  iron  by  reason  of  which  the  density  of  the 
lines  is  increased. 

The  great  importance  of  the  iron  core  may  be  estimated  from 
the  fact  that  the  numerical  value  of  ft  may  be  as  much  as  2,000, 
i.e.  by  its  presence  the  induction  may  be  increased  to  2,000 
times  the  value  which  it  previously  had  when  the  circular  solenoid 
enclosed  merely  air  or  wood.  Stated  more  generally,  the  value  of 
fi  depends  in  reality  upon  the  nature  of  the  material  of  which  the 
core  is  made,  and  expresses  a  definite  physical  property  of  it,  so 
that  if  Hcsthe  original  strength  of  field  within  a  given  circular 
solenoid    whose   ampbre-tums    encircle   air,  and    B=the   new 
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strength  of  field  or  induction  when  a  core  of  a  certain  material 
in  a  certain  condition  takes  the  place  of  the  enclosed  ring 
of  air,  then  for  that  material  in  the  given  condition  /&  is  equal 

to  -.      For  air,  wood,   brass,  copper,  and  most  non-magnetic 

IX 

materials  ft  is  sensibly  equal  to  i,  so  that  h  is,  in  fact,  the  'induc- 
tion '  in  air  for  the  given  circular  solenoid,  or  the  value  of  b  when 
the  lines  of  induction  are  in  air.  For  iron,  cobalt,  or  nickel  /&  is 
greater  than  i ;  but  for  bismuth,  which  slightly  decreases  the  density 
of  the  lines,  the  value  of  /i  is  slightly  less  than  unity. 

For  any  substance,  therefore,  in  the  form  of  a  ring  wrapped 
uniformly  round  with  a  certain  number  of  ampere-turns,  the 
density  of  lines  of  induction  passing  through  it  per  square  centi- 
metre of  cross-section  is  b=:/ah,  and  the  total  number  of  lines  ol 
induction  is 

z=Bx«=2;i!^ (I) 

a'  JI 
Now  the  path  of  every  line  of  induction  is  a  closed  loop  or 
circuit,  and  in  the  above  case  they  all  flow  round  the  ring  in 
paths  whose  mean  length  is  / :  the  area  normal  to  their  direction 
through  which  they  pass  is  a,  while  /a  is  a  numerical  coefficient 
depending  on  the  specific  nature  and  condition  of  the  material  or 
substance  through  which  they  flow.  Hence  the  denominator  of 
the  above  fraction  bears  a  close  resemblance  to  the  expression  for 

the  electrical  resistance  of  a  conductor,  viz.  -  .  4»  ^^^^c  k  is  the 

specific  electrical  conductivity  of  the  metal  of  which  the  conductor 
is  composed,  or  the  reciprocal  of  its  specific  electrical  resistivity  ; 
and  considered  from  this  point  of  view,  the  fundamental  equation 
is  seen  to  be  of  the  same  form  as  the  well-known  equation  for 

Ohm's  law,  €=?.      This  suggests  to  us  that  an  analogy  might 

R 

be  drawn  between  the  flow  of  a  current  through  an  electrical 
closed  circuit  and  the  flow  of  lines  of  induction  through  a 
magnetic  circuit,  that  flow  taking  place  in  closed  loops ;  and  this 
analogy  has  been  found  to  be  not  only  useful  by  way  of  illustra- 
tion, but  sufficiently  accurate  to  aflbrd  a  ready  and  convenient 
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method  of  treating  the  laws  which  govern  the  production  of  lines 
of  induction  by  current-turns  round  an  electromagnet  The 
path  of  the  lines  forms  a  *  magnetic  circuit  *  closed  upon  itself  and 
having  a  certain  length  and  area  ;  through  this  circuit  there  flows 
a  stream  of  lines  of  induction  propelled  round  by  a  *  magneto- 
motive force/  and  their  total  number  is  the  quotient  of  the 
magnetomotive  force  divided  by  the  magnetic  resistance,  or  (to 
give  this  property  a  more  distinctive  name),  the  *  reluctance '  of 
the  circuit.     Thus,   analogous  to  Ohm's  law — 

G  M  F 

electric  current=  -= .   '.   '   I ;  we  have 

electrical  resistance 

magnetic  flow  or  number  of  lmes=""g"^^°'°°*7^  ^'"'^  . 

magnetic  reluctance 

The  magnetomotive  force  is  proportional  to  the  number  of 
amp^re-tums  wound  round  the  circuit ;  by  these  is  produced  a 
certain  difference  of  magnetic  potential,  which  resembles  the  differ- 
ence of  electrical  potential  in  a  battery,  since  both  are  expended  in 
driving  the  electric  current  or  the  magnetic  flow  against  the  resist- 
ance or  reluctance  of  the  circuit.  The  current  or  the  flow  of  lines 
is,  in  fact,  the  rate  of  change  of  potential  over  the  resistance  or 
reluctance  of  the  circuit.  The  magnetic  reluctance  of  an  entire 
circuit  or  any  portion  of  it  is  proportional  directly  to  its  length, 
and  inversely  to  its  area.  Further,  all  substances  do  not  conduct 
the  lines  of  induction  equally  well ;  consequently  fi  represents  the 
specific  conductivity  of  the  material  through  which  the  lines  pass 
when  in  the  particular  condition  implied  by  the  foct  of  such  a  flow 
of  lines,  or,  as  it  is  termed,  its  *  permeability,'  On  the  C.G.S. 
system  air  has  been  determined  upon  as  the  substance  of  unit 
permeability,  for  which,  under  all  circumstances,  fi=i.  The 
magnetomotive  force  of  a  circuit  is  measured  by  o'4ir  of  <^he 
exciting  power  in  ampere- turns  ;  consequently  if  one  C.G.S.  line 
passes  across  from  one  side  to  the  other  of  a  centimetre  cube  of 
air,  unit  difference  of  magnetic  potential  must  exist  between  the 
opposite  faces  of  the  cube,  i.e.  a  difference  of  magnetic  potential 
equal  to  o*47r  of  an  ampere- turn.  Hence  when  the  padi  of  the 
lines  is  entirely  in  air,  as  in  our  circular  solenoid  enclosing  air, 
B=sH,  or  the  strength  of  the  field  without  the  presence  of  any  iron. 

From  the  conception  of  a  magnetic  circuit  several  very  im- 
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portant  consequences  follow,  which  will  here  be  briefly  considered. 
The  example  of  a  magnetic  circuit  which  we  have  considered 
in  our  primary  equation  has  been  a  closed  one  of  iron  of  the 
same  nature,  and  further  of  the  same  cross-section  throughout  its 
length,  and  the  path  of  the  lines  of  induction  was  throughout 
confined  to  the  iron,  and  had  a  length  which  may  be  considered 
as  equal  to  the  mean  circumference  of  the  ring.  But  a  magnetic 
circuit  may  also  be  made  up  of  different  materials  having  different 
permeabilities ;  these,  again,  may  have  different  areas  of  cross- 
section  and  different  lengths,  while  further  they  may  be  arranged 
either  so  that  each  line  of  induction  in  its  closed  path  traverses 
them  in  succession  (i.e.  they  are  *  in  series ' )  or  so  that  the  path 
followed  by  some  lines  is  different  from  the  path  of  others,  either 
entirely  or  at  some  portion  of  its  length  (i.e.  they  are  *  in  parallel ' ). 
And  it  is  in  such  cases  that  the  analogy  of  the  electric  and 
magnetic  circuits  proves  of  use  as  a  safe  due  to  a  ready  method 
of  treatment  If  a  group  of  lines  passes  round  an  entire  circuit, 
or  through  a  portion  of  a  circuit,  which  may  be  divided  along  its 
length  into  different  sections  having  different  lengths,  areas,  and 
permeabilities,  their  total  magnetic  reluctance  is  the  sum  of  their 
separate  reluctances  :  e,g,  if  /^  a^  /xi,  /,  a^  /ij,  /s  a^  /A3,  .  .  .  &c. 
are  the  respective  lengths,  cross- sections,  and  permeabilities  of 
different  portions  of  a  circuit,  all  traversed  in  succession  by  a 
certain  set  of  lines,  their  total  magnetic  reluctance  r 

=     Ri     +     R,      +     R3     +  •    •    • 

=     ^1      +     ^a      A,     ^3      J.  .  .  . 


The  reciprocal  of  the  reluctance  of  a  magnetic  circuit  is  called 
its  'permeance;'  it  is  related  to  the  permeability  just  as  the 
conductance  of  the  electric  circuit,  being  the  reciprocal  of  its 
resistance,  is  related  to  its  conductivity. 

Next,  if  at  any  point  in  their  path  a  group  of  lines  separate 
and  follow  different  paths  or  sections  of  the  total  area  of  their 
magnetic  circuit,  the  law  which  they  obey  is  exactly  analogous  to 
the  law  of  electric  circuits  in  parallel,  viz.  that  the  number  of 
lines  flowing  through  any  section  of  the  magnetic  circuit  is  the 
quotient  of  the  difference  of  magnetic  potential  between  opposite 
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ends  of  the  section,  and  the  magnetic  reluctance  of  the  section ; 
thence  it  abo  follows  that  when  there  are  several  paths  for  the 
lines  between  two  points  between  which  a  difference  of  magnetic 
potential  exists,  the  total  flow  of  lines  is  divided  between  the 
several  paths  directly  as  their  permeances,  or  inversely  as  their 
reluctances,  as  determined  by  the  respective  lengths,  cross-sections, 
and  permeabilities  of  the  different  paths ;  and  the  joint  permeance 
of  the  parallel  paths  is  simply  the  sum  of  their  several  permeances. 


#% 


%L 


To  illustrate  these  laws  let  us  group  our  amp^re-tums  entirely 
on  one  side  of  a  closed  iron  ring  composed  of  a  curved  electro- 
magnet and  an  armature  or  keeper  a  (fig.  12,  I) ;  the  arrange- 
ment may  be  likened  to  a  battery,  shown  at  its  side,  of  which  each 
ceU  represents  a  current  loop,  and  the  ends  of  which  are  joined 
by  a  thick  piece  of  copper  wire  r^  :  there  is  a  uniform  rise  of 
magnetic  potential  as  we  pass  through  the  loops  from  south  to  north, 
analogous  to  the  rise  of  electric  potential  through  the  cells  of  the 
battery,  and  since  the  ends  between  which  there  is  a  difference  of 
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potential  are  joined  so  as  to  form  a  closed  circuit,  there  is  a  flow 
of  lines  or  of  current  round  the  circuit  which  within  the  magnetic 
or  electric  battery  is  from  the  —  or  S.  end  to  the  +  or  N.  end,  but 
without  is  from  the  +  or  N.  end  to  the  —  or  S.  end.  But  at  this 
point  there  enters  a  very  important  difference  :  there  are  no 
insulators  for  magnetism,  similar  to  the  substances  which  are 
insulators  for  electric  currents  ;  consequently,  if  between  any  two 
X>oints  there  exists  a  difference  of  magnetic  potential,  there  will  be 
a  flow  of  lines  along  any  path  between  those  two  points  equal  to 
the  magnetic  potential  divided  by  the  magnetic  reluctance  of  the 
path,  whether  it  be  composed  of  air,  iron,  brass,  or  any  other 
substance.  The  lines  of  induction  will  therefore  not  be  confined 
entirely  to  the  iron,  as  they  were  in  fig.  11,  but  will  pass  across 
from  the  N.  end  of  the  magnet  to  the  S.  end  through  the 
air,  as  well  as  through  the  iron  of  the  keeper.  Air,  gun-metal, 
brass,  or  manganese  bronze,  &c,  are  often  spoken  of  and  used  as 
ms^etic  insulators,  but  it  must  be  remembered  that  they  are  so 
only  in  a  comparative  degree ;  at  the  best  their  conductivity  to 
magnetic  lines  is  only  some  thousand  times  less  than  that  of  iron, 
and  at  the  worst  this  difference  may  sink  to  less  than  one  hundred 
times. 

But,  more  than  this,  lines  of  induction  will  flow  across  the  air 
between  any  points  between  which  there  exists  a  difference  of 
magnetic  potential ;  consequently  there  will  be  a  flow  from,  e.g. 
b  to  Uy  since  ^  is  at  a  higher  magnetic  potential  than  a,  i.e.  from 
one  portion  of  the  magnet  to  the  other,  and  such  flow  will 
increase  as  we  pass  away  from  the  centre  of  the  magnet  towards 
its  ends.  If,  therefore,  we  wish  to  keep  up  the  analogy  between 
the  electromagnet  and  the  battery,  we  might  regard  the  latter  as 
immersed  in  a  conducting  liquid  or  electrolyte,  through  which 
currents  may  flow  across  even  from  one  cell  of  the  battery  to 
another  in  addition  to  the  external  current  through  the  wire  join- 
ing the  terminals.  Such  currents  would  be  a  leakage  as  far  as 
useful  current  in  r«  is  concerned,  and  in  the  same  way  the  lines  of 
induction  in  the  air  of  fig.  12, 1,  and  in  similar  cases,  are  frequently 
spoken  of  as  magnetic  leakage,  stray  lines,  or  waste  field  ;  but  it 
must  be  remembered  that  such  a  point  of  view  implies  that  only 
lines  passing  through  the  keeper  or  armature  are  useful  and  desir- 
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able.  The  whole  illustrates  the  case  of  two  or  more  magnetic 
paths  joined  together  *  in  parallel  *  to  form  a  composite  magnetic 
circuit.  And  this  leads  us  to  a  second  point  which  deserves  our 
attention  :  it  is  that,  owing  to  the  non-existence  of  magnetic 
insulators,  it  is  often  impossible  to  define  the  exact  limits  of  the 
magnetic  circuit  or  the  various  paths  followed  by  the  lines,  and 
consequently  the  equation  of  the  magnetic  circuit  which  demands 
a  knowledge  of  the  exact  length,  area,  and  permeability  of  the 
different  portions  of  the  magnetic  circuit  only  admits  of  an  ap- 
proximately accurate  application.  In  the  case  upon  which  our 
fundamental  equation  (i)  was  based,  viz.  of  a  circular  ring-core 
with  loops  uniformly  distributed  round  the  whole  of  it,  there 
is  no  doubt  about  the  dimensions  of  the  magnetic  circuit 
and  its  permeance ;  all  the  lines  are  confined  entirely  to  the 
iron,  and  the  number  flowing  through  any  section  across  it  is 
identical ;  there  is,  in  fact,  no  external  magnetism  and  no  '  leak- 
age '  of  lines  out  of  the  loops  and  across  the  air.  The  reason  is 
that  all  points  of  the  ring  are  at  the  same  magnetic  potential,  since 
the  magnetomotive  force  supplied  by  the  loops  over  any  length  is 
only  just  sufficient  to  propel  the  total  number  of  lines  through 
that  length  ;  it  may  be  likened  to  a  closed  loop  of  wire  round 
which  an  E.M.F.  is  generated,  this  E.M.F.  being  uniformly  dis- 
tributed along  the  length  of  the  wire  ;  a  current  flows,  but  all 
points  of  the  loop  are  at  the  same  potential,  since  the  E.M.F. 
developed  in  any  length  is  just  sufficient  to  drive  the  current 
through  the  resistance  of  that  length. 

But  now  in  our  new  case  of  an  iron  ring,  in  which  the  winding 
is  grouped  on  one  side  only,  the  total  magnetic  reluctance  of  the 
circuit  is  a  complex  combination  of  the  internal  reluctance  of  the 
magnet  and  the  external  reluctance  of  the  armature  ;  for  in  strictly 
scientific  language  the  armature  of  an  electromagnet  is  all  that 
closes  its  magnetic  circuit,  whether  air,  or  iron,  or  any  other  sub- 
stance. 

How,  then,  are  we  to  calculate  the  reluctance  of  the  air,  since  the 
paths  of  the  lines  through  it  are  so  manifold  and  differ  so  much 
in  their  length  ?  They  flow  not  only  from  the  extreme  ends,  but 
across  from  all  points  of  the  magnet,  so  that  the  number  of  lines 
carried  by  ^he  magnet,  and  therefore  their  density  within  the  iron, 
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is  continually  varying ;  at  its  centre  they  are  a  maximum,  but 
thence  they  gradually  leak  out  on  all  sides,  especially  towards 
the  ends,  so  that  a  smaller  number  passes  through  the  iron  of 
the  keeper  than  through  the  magnet.  The  calculation  can  most 
readily  be  performed  by  certain  assumptions  which  are  only  approxi- 
mately true.  We  must  represent  the  whole  by  an  electric  battery 
between  the  terminals  of  which  there  are  two  paths,  one  of  low 
resistance  and  one  of  high  resistance  R«  (fig.  12,  I),  placed  as  a 
shunt  to  the  other.  The  second  represents  the  reluctance  of  the 
air,  which  is  very  high  as  compared  with  that  of  the  iron. 

For  the  sake  of  simplicity,  therefore,  the  reluctance  of  the  air  is 
regarded  as  being  in  parallel  with  the  reluctance  of  the  keeper,  as 
if  all  the  lines  passed  right  through  the  iron  of  the  magnet  from 
one  end  to  the  other,  and  then  at  its  ends  divided  into  two  groups, 
some  going  through  the  keeper  and  some  through  the  air,  these 
latter  being  the  leakage  lines,  which  are  thus  supposed  to  issue 
forth  from  and  enter  into  the  magnet  only  at  its  ends.  On  this 
assumption,  then,  if  r«  and  p  are  the  reluctances  of  the  two  paths, 
afforded  respectively  by  the  keeper  and  the  air,  the  external 

reluctance,  being  their  joint  reluctance  in  parallel,  is  ^^Llf ,  and 

this  is  in  series  with  the  internal  reluctance  of  the  magnet,  R/^* 
The  total  reluctance,  therefore,  of  the  entire  magnetic  circuit  is 

and  the  total  number  of  lines  produced  by  a  given  number  of 
ampire-turns  encircling  the  circuit  is 

or,  using  the  convenient  abbreviation  M.M.F.  for  magnetomotive 
force,  magnetic  flow=M.M.F.  x  permeance. 

R.  is  equal  to  -   .  — ,  where  4i  ««>  and  /i.  are  the  mean  length, 

area,  and  permeability  of  the  iron  of  the  keeper.  The  reluct- 
ance p  of  the  air-paths,  or  their  permeance/,  can  be  calculated 
by  assigning  a  certain  mean  length  of  path  and  a  certain  area  of 

D3 


Digitized  by  VjOOQ  IC 


36  THE  DYNAMO 

cross-section  to  them  ;  or  we  may  determine  experimentally  the 
number  of  lines  flowing  through  the  middle  of  the  magnet  z^, 
and  the  number  flowing  through  the  keeper,  z.  \  the  difference 
between  the  two,  or  z^—'^m  gives  us  f,  or  the  number  of  lines 
which  leak  through  the  air. 

On  the  same  assumptions  we  can  also  calculate  the  total 
number  of  ampere-turns  required  in  order  to  produce  a  given 
number  of  useful  lines,  z«,  through  the  iron  of  the  keeper ;  just 
as  the  product  of  a  current  and  a  resistance  through  which  it  flows 
gives  us  the  number  of  volts  which  must  be  applied  to  the  ends 
of  the  resistance  in  order  to  produce  the  current,  so  the  product 
of  a  number  of  lines  of  induction  and  a  reluctance  through  which 
they  flow  gives  us  the  magnetic  difference  of  potential  which 
must  exist  between  the  ends  of  the  reluctance  in  order  that  the 
given  number  of  lines  may  flow  through  it,  ue,  M.M.F.=zr, 
Hence  the  magnetic  difference  of  potential  which  must  exist 
between  the  ends  of  the  armature  in  order  to  drive  z.  lines  through 
it  is  z„XR«=*4«rATi.  But  this  is  also  the  magnetic  potential 
under  which  the  leakage  lines  are  assumed  to  flow ;  consequently 
if  we  multiply  •47rATi  by/,  the  permeance  of  the  air,  the  product 
is  the  number  of  leakage  lines,  which  we  call  K ;  the  sum  of  z.  and 
^=z^,  or  the  number  of  lines  flowing  through  the  magnet,  and  the 
magnetic  potential  required  to  drive  this  larger  number  through 
the  magnet  is  z„  x  Ry^=o-4irAT2.  The  total  magnetomotive  force 
required  is  therefore  •4ir(AT, +AT2)=o*4irAT,  and  thence  the 
required  ampfere-turns  are  obtained  directly. 

Next  let  us  hold  the  keeper  at  a  little  distance  away  from  the 
magnet,  so  as  to  interpose  in  the  magnetic  circuit  two  equal  air- 
gaps,  one  at  either  end  of  the  keeper,  with  parallel  faces  and 
having  a  certain  definite  length  (fig.  12,  II). 

At  once  the  total  number  of  lines  of  induction  produced  by  a 
given  number  of  ampere-turns  wound  on  the  magnet  is  enor- 
mously decreased,  owing  to  the  high  reluctance  of  the  two  air-gaps. 
The  efTect  may  be  repeated  in  the  case  of  the  battery  if  we  inter- 
pose at  each  end  of  the  external  portion  of  the  circuit  a  short 
length  of  wire  having  a  very  high  specific  resistivity  but  of  the 
same  diameter  as  our  original  external  resistance  :  these  will 
reduce  the  current  in  the  external  resistance,  and  the  current 
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through  R,  will  bear  a  much  larger  proportion  to  the  current 
through  R,  than  formerly,  since  the  two  resistances  r,  and  r, 
have  become  more  nearly  comparable.  In  the  same  way  the 
number  of  lines  through  the  armature  is  greatly  decreased  by  the 
interposition  of  the  two  air-gaps,  but  the  magnetic  reluctance  of 
the  rest  of  the  surrounding  air  remains  the  same  as  before,  and 
the  number  of  lines  therein  will  be  the  same  if  the  magnetic 
difference  of  potential  at  the  poles  of  the  magnet  remains  the 
same ;  the  proportion,  therefore,  which  they  bear  relatively  to 
the  number  in  the  armature  or  to  the  number  in  the  magnet  is 
very  much  increased.  Before,  almost  all  the  lines  passed  round 
the  magnetic  circuit  entirely  through  iron  ;  now,  a  much  larger 
proportion  go  partly  through  the  surrounding  air.  The  two  air- 
gaps  being  in  series  with  the  iron  of  the  keeper,  the  total  reluct- 
ance of  the  three  is  the  sum  of  their  separate  reluctances.    Hence, 

if  the  reluctance  of  one  air-gap  be  ^^,  and  they  are  both  equal, 

2 

their  total  reluctance  r,  and  r«  must  be  substituted  for  r«  in  the 
equations  for  the  number  of  ampfere-turns  or  lines  of  induction. 
It  might  be  thought  that  it  would  be  easy  to  calculate  r^  since 
the  exact  length  of  each  air-gap  can  be  measured,  as  also  the 
exact  area  of  the  parallel  faces  of  the  iron  where  the  circuit  is 
divided.  But  here  again  a  caution  is  required ;  the  lines  to  a 
great  extent  pass  straight  across  from  face  to  face  of  the  gap  in  the 
iron,  but  at  the  edges  they  spread  outwards,  and  so  pass  across  by 
curved  paths,  which  form  a  kind  of  *  fringe,*  gradually  shading  off 
in  density.  Consequently  the  exact  area  and  length  of  their  paths 
is  not  known,  and  has  to  be  determined  experimentally,  or  an 
allowance  for  the  fringe  has  to  be  made  theoretically. 

Now  this  last  case  is  the  one  which  bears  most  directly  on  the 
magnetic  circuit  of  the  dynamo.  For  the  production  of  the  E. M.  F. 
of  the  machine  we  require  a  magnetic  field,  and  this  must  be  in 
air,  since  a  system  of  electrical  conductors  has  to  be  moved 
through  it ;  further,  we  require  as  many  lines  as  possible,  within  a 
small  space,  and  produced  with  a  reasonable  expenditure  of 
electrical  energy  in  the  coils  through  which  the  magnetising 
current  flows.  We  must  therefore  have  recourse  to  an  electro- 
magnet with  an  iron  core  in  order  to  produce  the  field.     From 
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our  equation  it  follows  that,  if  we  wish  to  obtain  as  many 
lines  as  possible  round  a  whole  magnetic  circuit  or  through  any 
portion  of  it  with  a  given  exciting  power,  we  must  make  the 
length  of  the  path  under  consideration  as  short  as  possible,  its 
area  large,  and  its  permeability  great.  Iron  at  once  presents 
itself  as  the  most  permeable  substance,  and  would  be  used 
throughout  were  it  not  for  the  fact  that  we  cannot  have  a  closed 
magnetic  circuit  entirely  of  iron,  since  there  must  be  one  or  more 
air-gaps  in  it.  We  shall,  however,  endeavour  to  minimise  the 
effect  of  these  as  much  as  possible  by  making  their  length  short 
and  their  area  large ;  the  rest  of  the  magnetic  circuit  will  be  as 
short  as  possible,  and  composed  of  iron  of  high  permeability. 
How  these  requirements  are  worked  out  in  practice  will  form  the 
subject  of  a  later  chapter. 
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CHAPTER  IV 

THE  PRODUCTION   OF  AN   E.M.F. 

It  has  been  stated  in  our  introductory  chapter  that  the  dynamo 
is  primarily  a  generator  of  an  electric  pressure  or  E.M.F.  whence 
results  a  difference  of  potential  at  certain  definite  points  which  are 
the  *  terminals  *  of  the  machine.  The  first  fundamental  equation 
upon  which  its  theory  is  based  must  therefore  deal  with  the  origin 
and  maintenance  of  its  E.M.F.,  or,  in  other  words,  with  the  *  volt- 
age '  which  forms  one  of  the  two  elements  of  its  output 

Let  us  suppose  that  we  have  before  us  a  magnetic  field 
mapped  out  by  lines  of  induction,  so  as  to  at  once  exhibit  the 
direction  and  strength  of  the  field  (fig.  13) ;  how  it  is  produced 
we  are  not  concerned  here  to  inquire.  In  this  field  let  there  be 
placed  an  electrical  conductor,  such  as  a  straight  piece  of  wire, 
shown  in  section  at  a,  and  let  relative  movement  take  place 
between  field  and  conductor.  Such  relative  movement,  it  is 
evident,  may  be  divided  into  two  kinds,  according  as  the  conductor 
does  or  does  not  *cut'  across  the  lines  of  induction  along  its 
length.  The  field  of  lines  in  fig.  13  may  be  likened  to  a  mass  of 
impalpable  and  invisible  threads  passing  straight  across  from  one 
pole-piece  to  the  other,  somewhat  like  a  brush  thick-set  with 
straight  filaments.  Now  between  and  through  these  threads  a 
needle-like  conductor  may  be  passed  in  any  direction  without  in 
any  way  disturbing  them  so  long  as  the  direction  of  movement  is 
wholly  in  the  plane  which  contains  at  the  same  time  the  length  of 
the  conductor  and  the  direction  of  the  lines,  i.e.  in  our  diagram 
the  vertical  plane  which  contains  the  conductor.  If  the  direction 
of  movement  coincides  with  the  length  of  the  conductor,  then  the 
conductor  merely  passes  end-on  through  the  lines  of  the  field ; 
if  the  direction  of  movement  coincides  with  the  direction  of  the 
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lines,  the  conductor  merely  slides  up  and  down  the  lines  ;  or  its 
motion  may  be  compounded  of  both,  partly  endwise  through 
the  field  and  partly  sliding  along  the  lines ;  in  none  of  these  cases 
is  it  caused  to  intersect  the  lines  by  passing  athwart  them  or 
*  cutting '  them  transversely  with  its  length.  On  the  other  hand,  if 
the  direction  of  motion  does  not  fall  wholly  in  that  plane  which 
contains  the  length  of  the  conductor  and  the  direction  of  the 
field — €.g,  let  it  be  in  a  horizontal  plane  as  in  fig.  13 — then  it  will 
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Fig.  13. 


be  seen  that  the  conductor  'cuts*  the  lines  of  induction  along 
its  length. 

The  above  description  and  its  pictorial  representation  might 
seem  to  ascribe  to  the  lines  a  physical  existence,  each  one  being 
separate  and  distinct  from  every  other,  whereas  we  know  that  the 
magnetic  field  is  in  reality  structureless.  Yet,  although  structure- 
less, it  has  one  property  which  is  its  direction,  and  by  reason  of 
that  property  the  whole  of  the  above  is  true  of  a  conductor 
moved  through  il ;  no  question  of  the  avoidance  of  the  separate 
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lines  by  the  moving  conductor  is  in  reality  involved,  since  between 
the  pole  pieces  the  field  is  everywhere  present  Owing,  how- 
ever, to  the  field  having  direction,  any  movement  is  divisible  into 
the  two  kinds  described  above,  according  to  the  way  in  which  its 
direction  is  related  to  the  direction  of  the  field  and  the  length  of 
the  conductor. 

Now,  in  the  first  case,  if  an  electrometer  be  applied  to  the  ends 
of  the  moving  conductor,  no  difference  of  state  can  be  detected 
in  it  due  to  such  motion  ;  in  fact,  it  is  perfectly  indifferent  whether 
the  magnetic  field  is  surrounding  the  conductor  or  not.  But  let 
the  movement  be  of  the  second  kind  ;  at  once  an  entirely  new 
phenomenon  arises  :  the  electrometer  applied  to  its  ends  shows  a 
difference  of  potential  between  them  during  the  motion,  and  only 
so  long  as  it  lasts;  in  other  words,  an  E.M.F.  is  set  up  or 
*  induced  *  in  the  conductor  along  its  length  in  virtue  of  which 
one  end  of  it  is  raised  to  a  higher  potential  than  the  other.  The 
conductor  may  now  be  appropriately  termed  an  inductor^  and 
there  is  a  tendency  for  electricity  to  flow  from  the  one  end  of  it 
to  the  other ;  if  these  two  ends  are  electrically  joined  so  as  to 
complete  a  closed  circuit  of  conducting  material,  as  in  fig.  i,  that 
tendency  will  be  called  into  action,  and  a  current  will  flow. 

The  dependence  of  the  induction  of  an  E.M.F.  in  all  such 
cases  of  relative  movement  upon  the  *  cutting  *  of  the  lines  of  the 
field  may  now  be  expressed  in  general  terms.  In  a  conductor 
surrounded  by  a  magnetic  field,  and  moved  in  any  direction 
relatively  to  it,  take  any  two  points,  a  and  d,  and  consider  the 
portion  of  it  lying  between  those  two  points  as  a  line  which  has 
a  certain  length,  l,  between  the  ends  a,  d.  Let  it  be  moved  in  a 
given  direction  with  velocity,  v ;  then  it  is  required  to  find  out 
whether  this  movement  induces  any  E.M.F  along  this  line  (which 
we  will  call  the  line  of  action)  in  virtue  of  which  a  difference  of 
potential  is  set  up  between  a  and  d. 

Upon  a  plane  normal  to  the  direction  of  the  lines  of  the  field 
project  both  the  line  of  action  and  the  direction  of  movement ; 
then  if  these  two  projections  are  inclined  to  each  other  at  any 
angle  other  than  180°  an  E.M.F.  will  be  induced  along  the  line 
of  action  by  movement  in  the  given  direction ;  if,  however,  they 
£all  in  the  same  straight  line,  there  may  be  E.M.F.'s  induced 
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along  other  lines  of  action  between  other  points,  but  at  least  there 
is  no  E.M.F.  induced  along  the  line  of  action  a  d  with  which  we 
are  immediately  concerned.  The  reason  of  this  is  not  far  to  seek  ; 
it  is  that  no  lines  of  induction  are  cut  along  the  line  a  D  by  the 
movement  unless  the  two  projections  enclose  some  angle  other 
than  1 80°.  In  fig.  14  (3)  let  adding  om  inclined  to  each  other 
at  the  angle  a  be  respectively  the  projections  of  the  line  of  action 
and  the  direction  of  motion  on  a  plane  normal  to  the  direction  of 
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the  field,  and  in  those  lines  let  a  d  (=^  and  op  (^v)  be  respec- 
tively the  projections  of  the  length  l  and  velocity  v.  Then  the 
completed  parallelogram  adge  is  the  projection  of  the  actual 
area  traversed  in  unit  time  on  the  normal  plane,  and  since  it  is  an 
atea  in  that  plane  it  encloses  lines  of  the  field  which  have  been 
directly  traversed  or  *cut'  across  by  the  conductor  along  its 
length  A  D.  Consequently,  since  lines  are  cut  by  the  movement, 
there  is  an  E.M.F.  induced  along  the  line  of  action  a  d.  For  the 
induction  of  an  E.M.F.,  therefore,  the  line  of  action  must  present 
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a  certain  broadside  projection  on  a  line  at  right  angles  to  the 
direction  of  the  movement,  as  in  fig.  14  (3),  where  ^i^'  is  the  pro- 
jection oi adorn,  line  at  right  angles  to  0 m.  If  the  direction  of 
motion  is  in  the  plane  which  contains  the  direction  of  the  field 
and  the  length  of  the  conductor  between  a  d,  no  lines  are  cut  by 
the  movement,  and  therefore  no  E.M.F.  is  induced  along  the  line 
under  consideration,  for  if  the  direction  of  motion  in  this  plane  be 
in  the  same  straight  line  as  the  length  of  conductor,  it  moves  end- 
wise through  the  lines,  and  no  area  is  traversed ;  while  if  the  direc- 
tion of  motion  be  inclined  to  the  length  of  conductor,  there  is  an 
actual  area  swept  through  ;  but  the  projection  of  this  on  the 
normal  plane  is  again  a  straight  line,  so  that,  again,  there  is  no 
E.M.F.  induced  along  the  length  a  d. 

The  question  of  whether  any  lines  of  the  field  are  or  are  not 
cut  by  a  given  length  of  conductive  material  when  moved  in  a 
certain  direction  may  not  always  be  easy  to  determine  at  first  sight, 
but  the  process  of  projection  described  above  affords  an  infallible 
rule  by  which  it  can  always  be  determined.  It  matters  not  what 
the  material  may  be  of  which  the  conductor  is  made  :  whether  it 
be  copper,  or  iron,  or  German  silver,  in  all  alike  an  E.M.F.  is 
set  up  when  a  conductor  and  a  field  of  magnetic  induction  are  so 
moved  relatively  to  one  another  that  the  conductor  is  caused  to 
*cut*  the  lines  of  induction.  Nor  does  it  matter  whether  the 
conductor  is  moved  across  the  field,  or  the  lines  of  induction 
across  the  conductor  by  movement  of  the  magnet  between  whose 
pole-pieces  the  field  exists  ;  or,  finally,  both  field  and  conductor 
may  be  moved  in  opposite  directions.  In  all  cases  where  the 
conductor  cuts  the  lines,  either  by  its  own  movement  or  by  reason 
of  the  moving  magnetic  field,  it  becomes  the  seat  of  an  induced 
E.M.F. 

The  above  is  a  simple  statement  of  one  aspect  of  the  great 
fact  of  electromagnetic  induction  which  was  discovered  by  Faraday 
in  1 83 1,  and  which  has  resulted  within  the  short  space  of  sixty 
years  in  the  present  marvellous  development  of  electrical  engineer- 
ing. There  are  other  aspects  of  the  same  fact,  but  they  do  not 
lend  themselves  so  readily  to  the  treatment  of  our  subject,  viz.  the 
dynamo ;  and  there  are  also  many  other  important  practical  appli- 
cations of  Faraday's  discovery,  in  especial  the  transformer  used  on 
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the  alternating  system  of  distribution  of  electricity.  But  from 
all  these  the  dynamo  is  separated  by  the  requirement  of  our 
definition  that  there  should  be  relative  motion  of  field  and  con- 
ductor, that  is,  an  actual  movement  in  space  of  the  one  or  the 
other,  or  both.  Of  the  reason  why  2Si  E.M.F.  is  induced  when 
such  movement  causes  the  conductor  to  traverse  the  lines  of  the 
field,  no  more  need  be  said,  since  behind  the  fact  of  such  induc- 
tion the  engineer  in  his  study  of  the  dynamo  seldom  has  occasion 
to  go,  even  if  the  physicist  has  succeeded  by  his  researches  in 
reaching  a  still  more  ultimate  explanation. 

Now  an  E.M.F.,  like  a  mechanical  force,  is  only  completely 
described  when  not  only  its  line  of  action  has  been  given,  but 
also  its  *  sense '  or  direction  along  that  line,  and  further  its  magni- 
tude or  quantitative  value.  Since,  therefore,  the  altered  state  of 
the  conductor  produced  by  its  cutting  of  the  lines  of  the  field 
consists  in  the  generation  of  an  E.M.F.,  the  complete  law  of  the 
induced  E.M.F.  must  deal  with  these  two  points. 

In  a  conductor  moving  across  a  magnetic  field,  let  us  again 
take  any  two  points,  a  and  d,  and  consider  that  portion  of  it  lying 
between  those  two  points  regarded  as  ends  ;  then  under  all  cir- 
cumstances and  in  every  case  the  induced  E.M.F.  generated  along 
the  length  a  d  is  simply  proportional  to  the  raiezt  which  the  lines  of 
the  field  are  cut  along  that  length,  and  just  as  before  we  saw  that 
the  nature  of  the  material  of  which  the  conductor  is  composed 
made  no  difference  to  the  fact  of  the  creation  of  an  E.M.F.,  so 
likewise  it  does  not  in  any  way  affect  its  magnitude.  The 
greater  the  number  of  lines  cut  in  a  given  time,  or  the  shorter 
the  time  taken  to  cut  a  given  number  of  lines,  the  higher  is  the 
E.M.F. 

In  the  case  of  any  phenomenon  which  can  be  expressed  as  a 
'rate,*  e,g.  velocity  as  a  rate  of  motion,  a  distinction  must  be 
made,  if  the  rate  be  variable,  between  its  average  and  instantaneous 
values ;  and  such  a  distinction  applies  to  the  case  of  an  E.M.F., 
since  its  magnitude  is  dependent  on  the  rate  at  which  the  lines 
of  the  field  are  cut.  The  average  rate  of  cutting  to  which  the 
average  value  of  the  E.M.F.  is  proportional  is  the  ratio  of  the 
number  of  lines  cut  in  any  time  to  the  time  taken  to  cut  them ;  in 
symbols,  if  z  is  the  total  number  of  lines  cut  by  the  length  of 
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conductor  under  consideration  in  time  /,  the  average  E.M.F. 
induced  between  the  ends  of  that  length  is 

E  (average)  oc  -. 

But  the  actual  rate  of  cutting  at  any  instant  may  vary  to  any 
degree  on  either  side  of  the  average  value ;  at  one  moment  it  may 
be  greater,  at  the  next  less,  or  it .  may  vary  continuously  and 
regularly.  Hence,  to  approximate  to  the  actual  rate  of  cutting 
when  this  is  variable  we  must  take  the  number  of  lines  cut  in  a 
short  space  of  time  and  divide  them  by  that  small  time.  The 
smaller  this  period  of  time  is,  the  more  accurately  the  rate  of  cut- 
ting is  obtained,  and  to  be  completely  accurate,  the  actual  rate  of 
cutting  at  any  instant  is  the  infinitely  small  number  of  lines  then 
being  cut  divided  by  the  infinitely  small  time  in  which  they  are 
cut ;  or,  in  the  language  of  the  differential  calculus,  the  actual 
E.M.F.  induced  at  any  moment  is 

E  (instantaneous)  oc  —. . 
at 

So  far  the  induced  E.M.F.  has  only  been  spoken  of  as  proper- 
tional  to  the  rate  of  cutting  of  lines,  or  e=^  — ,  where  k  is  some 

constant  whose  value  depends  on  the  system  of  units  according 
to  which  the  field  is  mapped  out  in  lines  and  time  is  reckoned. 
On  the  C.G.S.  absolute  system  k  is  unity,  the  system  being  so 
arranged  that  one  line  cut  per  second  generates  the  absolute  unit 
of  electromotive  force ;  but  this  unit  being  inconveniently  small, 
the  practical  unit  of  the '  volt '  is  one  hundred  million  times  greater, 
and  consequently  100,000,000  C.G.S.  lines  cut  per  second  pro- 
duces one  volt.  If,  therefore,  z  be  reckoned  in  C.G.S.  lines,  and  / 
in  seconds,  and  E  is  to  be  measured,  as  is  usual,  in  volts,  ^=io~", 

z       I 
or  E  (average)  =    .  ^^     ....    (2) 

The  C.G.S.  unit  line  is  therefore  as  inconveniently  small  as 
the  absolute  unit  of  E.M.F.,  and  it  has  been  proposed 
to  adopt  as  the  practical  unit  of  induction  a  line  which 
shall  be  the  equivalent   of  10^  C.G.S.  lines,  the  result  being 


Digitized  by  VjOOQ  IC 


46  THE  DYNAMO 

to  eliminate  the  constant  lo*  from  the  fundamental  equation.* 
In  the  following  pages,  however,  C.G.S.  lines  will  be  adhered  to, 
the  divisor  lo^  being  sometimes  omitted  where  such  omission 
can  easily  be  made  good  by  the  reader. 

Now  the  number  of  lines  cut  in  any  time  is  a  question  ol  the 
virtual  area  swept  through  by  the  moving  inductor,  when  its  length 
and  its  path  are  projected  on  to  a  plane  perpendicular  to  the 
direction  of  the  lines  of  the  field,  and  of  the  density  of  lines 
within  that  area. 

Take  the  simplest  case  of  a  straight  inductor  moved  parallel  to 
itself  across  the  lines  of  a  uniform  field.  First  let  the  plane  con- 
taining the  length  of  the  inductor  and  the  direction  of  motion  be 
at  right  aftgles  to  the  direction  of  the  field,  and  let  the  direction  of 
motion  in  that  plane  be  at  right  angles  to  the  length  of  the 
inductor.  Such  a  case  is  represented  in  fig.  13,  where  the  field 
has  a  vertical  direction,  the  inductor  a  d  is  horizontal,  and  is  moved 
in  a  horizontal  plane,  its  direction  of  movement  being  at  right 
angles  to  itself. 

Then,  under  these  circumstances,  its  length  and  path  are 
already  in  a  plane  normal  to  the  direction  of  the  field,  and  no 
process  of  projection  is  required,  the  virtual  area  to  be  obtained 
by  projection  being  identical  with  the  actual  area  swept  through 
by  the  inductor  in  any  time  ;  if  l  is  the  inductor's  length  which 
is  actively  traversing  the  lines,  and  v  its  velocity,  the  area 
traversed  in  unit  time  is  lvs=aa'd'd  ;  and  if  b  equal  the 
number  of  lines  per  unit  area,  the  number  cut  in  unit  time  is 
BLv.  Hence,  on  the  C.G.S  system,  the  value  of  the  E.M.F. 
induced  in  the  inductor  along  its  length  ad  is 

E=BLv,    .••••••.    (3) 

where  l,  v,  and  b  are  respectively  in  centimetres,  centimetres  per 
second,  and  C.G.S.  lines  per  square  centimetre. 

The  'sense'  or  direction  in  which  the  E.M.F.  acts  along  the 

'  At  the  1895  meeting  of  the  British  Association,  it  was  recommended 
that  ID*  C.G.S.  lines  should  be  called  a  <weber,'  and  should  form  the 
practical  anit  of  magnetic  field ;  it  has,  however,  been  objected  that  the 
American  Institute  of  Electrical  Engineers  have  already  given  the  name  of 
a  « webcr  '  to  I  C.G.S.  line. 
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length  AD  is  in  fig.  13  from  the  observer,  so  that  the  end  a  is  at 
a  higher  potential  than  the  end  d  ;  and  if  the  two  ends  were 
joined  by  a  wire,  a  current  would  flow  through  the  inductor  in 
the  direction  shown  by  the  arrow. 

In  this',  the  simplest  case  of  electromagnetic  induction,  it  will 
be  seen  that  the  directions  of  the  field,  of  the  length  of  inductor, 
and  of  the  movement  are  all  at  right  angles  to  each  other,  and 
form  co-ordinate  axes,  as  indicated  in  perspective  in  fig.  15  ; 
further,  the  direction  of  the  induced  E.M'.F.  is  most  easily  re- 
membered and  discovered  by  means  of  the  following  rule.  Place 
the  right  hand  outstretched  in  the  line  of  the  inductor,  so  that 
the  thumb  points  along  the  direction  of  the  field,  i  e.  towards 
the  S.  pole,  and  further  so  that  when  relative  movement  takes 
place  the  lines  of  induction  pass  across  the  hand  from  the  palm 

FULL. 


movrmrhtot 
wducior. 


Fig.  15. 


to  the  back  ;  then  the  induced  E.M.F.  is  directed  from  the  wrist 
to  the  tips  of  the  fingers  (as  shown  in  fig.  15).  It  will  be  found 
that,  according  to  this  rule,  if  it  is  the  inductor  which  is  moved 
while  the  field  is  stationary  the  palm  of  the  hand  must  face  in  the 
direction  towards  which  the  movement  is  made,  as  in  the  case 
illustrated  ;  but  the  direction  of  the  E.M.F.  would  be  exactly  the 
same  if  the  field  were  moved  across  the  inductor  in  the  opposite 
direction,  the  inductor  itself  remaining  stationary,  in  which  case  it 
is  the  back  of  the  hand  which  must  face  in  the  direction  of  move- 
ment Or,  again,  both  field  and  induction  may  be  moved  in 
opposite  directions  ;  but  in  all  cases  the  lines  of  induction  must 
by  the  movement  traverse  the  right  hand  from  the  palm  to  the 
back,  if  we  wish  to  discover  the  direction  of  the  E.M.F.  by  the 
above  rule. 

Let  us  next  suppose  that  the  three  directions  of  field,  inductor, 
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and  movement  are  not  all  inclined  at  right  angles  to  each  other. 
It  will  now  be  necessary  to  project  the  latter  two  on  to  the  plane 
at  right  angles  to  the  direction  of  the  field,  and  first  let  the  pro- 
jections of  the  length  of  inductor  and  the  velocity  with  which  it  is 
moved  on  the  normal  plane,  i.e.  /  and  v^  not  be  at  right  angles  to 
each  other,  but  inclined  to  each  other  at  any  angle,  a,  as  in 
fig.  14  (3).  Then,  as  was  shown  before,  the  virtual  area  traversed 
on  the  normal  plane  in  unit  time  is  the  area  of  the  parallelogram 
a  dge=ad' .  v.  But  a(P=^l  sin  a,  or  the  projection  of  /  on  a 
line  at  right  angles  to  v.  Therefore  the  area  of  the  parallelogram 
=/  sin  a .  9,  and  if  b  equal  the  number  of  lines  per  unit  area,  it 
encloses  b  .  /  sin  o . «;  lines.  Hence  the  rate  of  cutting,  being  the 
number  of  lines  cut  in  unit  time,  is  also  b  .  /  sin  a .  17.  And  to  this 
the  E.M.F.  induced  along  /is  equal,  or 

b=b  .  /  sin  a .  9. 

Again,  by  the  rule  of  the  right  hand,  when  laid  outstretched 
along  the  projected  length  of  the  inductor,  so  that  the  projected 
path  of  movement  by  which  the  lines  traverse  the  hand  is  from 
the  palm  of  the  hand  across  to  the  back,  it  will  be  seen  that  the 
E.M.F.  is  directed  from  the  wrist  to  the  tips  of  the  fingers.  From 
this  more  general  case  it  follows  that  when  a  is  any  other  angle  than 
90°  the  area  of  the  parallelogram  adge  must  necessarily  be  smaller 
than  the  area  of  the  rectangle  /.  v,  which  would  be  traversed  if  the 
two  projections  were  at  right  angles  to  each  other,  and  this  in  the 
proportion  of  sin  a  to  i  ;  while  if  a=o*'  or  180®  no  lines  are  cut, 
and  therefore,  as  required  by  previous  statements,  no  E.M.F.  is 
generated  along  the  length  /. 

Next  let  p  =  the  angle  at  which  the  direction  of  movement  is 
inclined  to  the  direction  of  the  field  (fig.  14  (i)  ).  Then  the 
motion  can  be  resolved  into  two  components,  v  sin  )8,  in  a  plane 
normal  to  the  field,  and  v  cos  )8  in  a  plane  parallel  to  the  lines  of 
the  field.  In  virtue  of  the  latter  or  vertical  component  of  the 
velocity,  the  inductor  only  slides  along  the  lines,  and  has  no  E.M.F. 
induced  in  it ;  but  v  sin  fi  is  the  projection  of  the  actual  velocity 
on  the  horizontal  plane,  and  therefore  may  be  substituted  for  v 
in  the  previous  equation  ;  or 

£  =  B  .  /  sin  a .  v  sin  ^. 
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Lastly,  let  y  =  the  angle  at  which  the  length  of  the  inductor  is 
inclined  to  the  direction  of  the  field  (fig.  14  (2)  ).  Then  the  pro- 
jection of  its  length  on  the  normal  plane  is  /  =  L  sin  y,  and 
therefore  e  =  bl  sin  y  sin  a  v  sin  p. 

We  can  now  formulate  the  complete  law  of  the  induction  of  an 
E.M.F.  in  a  rectilinear  inductor  when  its  movement  through  a 
magnetic  field  is  one  of  simple  translation.     Let  the  length  l  of 
the  inductor  be  inclined  at  any  angle,  y,  to  the  direction  of  the 
field  ;  then  the  projection  of  its  length  on  a  plane  normal  to  the 
direction  of  the  field  is  l  sin  y.     Next  let  the  direction  of  motion 
be  inclined  at  any  angle,  P,  to  the  direction  of  the  field  ;  then  the 
projection  of  its  velocity  on  the  same  plane  is  v  sin  p.     Lastly, 
let  these  two  projections  of  length  and  velocity  be  inclined  to 
each  other  at  any  angle,  a;   then  the  virtual  area  traversed 
on  the  normal  plane  in  unit  time  is  l  sin  y  v  sin  j3  sin  a ;  the 
number  of  lines  cut  per  second  is  blv  sin  a  sin  P  sin  y,  and  the 
induced  E.M.F.,  or  rate  of  cutting,  is 

E=BLV  sin  a  sin  /3  sin  y.     .     .     .     .     .     .     (4) 

The  direction  of  this  E.M.F.  along  the  line  of  action  is  shown  by 
applying  the  right  hand  to  the  projections  in  the  normal  plane. 

When  the  angles  a,  j3,  and  y  are  all  right  angles,  the  action  is 
evidently  most  direct,  and  reaches  a  maximum  value  for  a  given 
length  of  inductor,  velocity,  and  density  of  lines  ;  hence  the  simple 
case  in  which  these  directions  formed  co-ordinate  axes,  with 
which  we  started,  is  also  the  case  which  we  should  aim  to  repro- 
duce in  the  dynamo  wherein  a  voltage  has  to  be  set  up.  For 
example,  in  fig,  14  the  best  direction  of  movement  would  be  along 
the  line  shown  dotted  at  o  m  in  a  horizontal  plane ;  if  so  moved 
the  case  becomes  identical  with  that  shown  in  fig.  13.  It  might 
appear  that  the  cutting  action  would  be  greater  if  the  direction  of 
movement  were  kept  unchanged  along  the  line  o  m,  and  the 
inductor  were  rotated  into  a  position  at  right  angles  to  o  m.  But 
any  such  supposed  advantage  is  purely  imaginary,  and  suggested 
merely  by  the  representation  of  the  lines  as  dots  on  the  plan.  It 
must  be  remembered  that  the  field  is  in  reality  structureless,  as  is 
shown  by  the  fact  that  in  the  end  elevation  from  m  the  lines 
appear  at  equal  distances  just  as  in  the  side  elevation  firom  v,  and 
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so  long  as  the  direction  of  movement  is  at  right  angles  to  the  length 
of  the  inductor,  and  both  are  in  a  plane  normal  to  the  direction 
of  the  field,  it  is  a  matter  of  indifference  what  is  the  exact 
direction  of  movement  in  that  plane.  Further,  when  this  is  the 
case,  it  will  be  found,  not  only  that  the  E.M.F.  is  a  maximum 
along  the  length  of  the  inductor,  but  also  that,  whatever  be  its 
shape  or  size,  there  is  no  other  line  of  action  along  which  an 
E.M.F.  is  induced,  except  the  direction  of  its  length.  It  is  often 
said  that  the  direction  of  the  induced  E.M.F.  is  at  right  angles  to 
the  field  and  to  the  direction  of  movement ;  but  this  is  only  the 
particular  case  of  the  line  of  greatest  action,  and  there  may  be 
several  directions  in  an  inductor  in  which  E.M.F.'s  are  induced, 
and  several  different  values  for  these  E.M.F.'s.  This  is  due  to  the 
fact  that  an  inductor  in  nature  must  necessarily  have  a  certain 
width  ;  the  effect  of  this  has  been  so  far  left  out  of  sight,  and  the 
line  of  action  considered  has  been  simply  the  length  of  the 
inductor.  We  are,  however,  already  provided  with  a  guide  in 
our  fundamental  statement  of  the  law  of  electromagnetic  in- 
duction,   and    by   it    the 

'A* case  of  an  inductor  having 

•     •    '    •       width  has  now  to  be  con- 
■^r      .«-  /  •    -w     •    •    •      sidered. 

;v,.     .    .  In  fig.  i6  let  a  d  be  an 

.... . .V^— ^      inductor  of  width  w,  moved 

,     ,       in  a  horizontal  plane  across 

a  vertical  field  :  in  order  to 

X^         ....'.*.    1    !      fi"^  out  what  E.M.F.,  if 

Pj^  ^^  any,  is  acting  between  the 

points  a  d^  we  have  merely 
to  take  a  thin  lamina  of  its  substance  joining  those  two  points  and 
treat  it  as  an  inductor  of  infinitely  small  width,  just  as  the  inductor 
of  previous  diagrams  was  treated.  Its  length  is  w,  and  it  cuts  the 
lines  of  the  field  along  its  length  at  a  rate  of  b  v  w  sin  a  lines  per 
second,  for  the  area  which  such  a  thin  lamina  traverses  in  unit 
time  is  a  dge  =  y .  ad  =  v  w  sin  o.  Hence  in  any  inductor 
having  width  whose  direction  of  motion  is  not  at  right  angles 
to  its  length,  there  is  an  E.M.F.  set  up  across  it  from  side  to 
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side,  so  that  if  the  two  points  a  and  d  were  joined  by  a  wire,  a 
current  would  flow  across  it. 

Again,  when  the  inductor  has  width,  as  ad  in  fig.  14,  and  it 
is  required  to  find  the  E.M.F.  acting  between  its  two  ends  a  and  d, 
in  strictness  it  would  be  necessary  to  mentally  divide  it  along  its 
length  into  a  number  of  very  thin  laminae  lying  side  by  side  ;  the 
area  traversed  by  any  of  these  would  in  any  time  be  equal,  since 
they  move  with  equal  velocity  in  the  same  direction,  and  there- 
fore with  a  field  of  uniform  density  the  E.M.F.  induced  along 
each  would  be  equal,  and  they  may  all  be  regarded  as  in  parallel. 
But  if  the  one  edge  of  the  whole  inductor  were  moving  in  a  field 
of  different  density,  as  in  fig.  1 7,  where 

a  ^  is  moving  in  a  stronger  field  than 

c  d^  then  a  b  will  induce  a  greater  E.M.F.  •• 
than  cd.  Consequently,  unless  the  thin  :: 
laminae  are  electrically  separated  by  \\ 
some  insulating  material,  a  current  will  \\ 
flow  round  the  inductor  as  a  whole  :: 
in  the  direction  shown  by  arrows.  :: 
The  importance  of  this  in  the  manu-  :: 
facture  of  dynamos  will  be  seen  subse-  :; 
quently.  |j 

To    determine    the  value    of   the     \\,^.  ;  .  .— 
E.M.F.  induced  by  movement  through 

^     ,  ,         -  .  ,  •        .  F»G.    17. 

a  field  of  varymg  density,  it  is  neces- 
sary to  consider  an  area  swept  over  by 

the  inductor  so  small  that  the  density  of  lines  may  be  taken  as 
having  a  uniform  value  over  it ;  and  in  the  same  way,  if  the  velocity 
of  movement  varies,  so  small  a  period  of  time  must  be  considered 
that  it  may  be  treated  as  sensibly  constant  throughout  it. 

Up  to  this  point  the  active  portion  of  the  inductor  has  been 
usually  regarded  as  straight,  although  this  is  not  essential,  and  in 
fact  it  may  have  any  shape  ;  for  example,  suppose  that  it  be  bent 
up  into  a  curve  in  a  vertical  plane,  as  in  fig.  18,  the  field  being 
vertical  ;  then  the  projection  of  the  actual  length  on  a  horizontal 
plane  will  be  a  straight  line.  Whenever  this  is  the  case  the  E.M.F. 
induced  per  unit  length  along  its  projection  is  equal  throughout 
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all  portions  of  that  length,  and  thence  by  transference  to  the 
actual  length  of  the  bent  inductor  we  can  discover  the  rate  of 
production  of  E.M.F.  along  its  actual  length.     For  instance,  in 
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fig.  1 8  the  E.M.F.  induced  in  each  inch  of  the  projected  length 
^  ^  is  equal,  but  along  the  actual  length  a  d,  an  inch  length  is 
more  active  in  the  middle  of  it  than  at  either  end.     If  the  length 

of  the  inductor  be  crooked  or 
curved  in  a  horizontal  plane, 
this  merely  complicates  the 
question  of  the  virtual  area 
swept  through  as  projected  on 
that  plane.  For  example,  in 
fig.  19,  if  the  bent  inductoi 
there  shown  be  moved  parallel 
to  itself  across  the  field,  the 
virtual  area  traversed  is  at 
once  found  by  multiplying 
the  velocity  by  the  straight 
line  /  joining  its  ends  a  and 
D,  and  /  may  be  regarded  as  its  virtual  cutting  length,  along  which 
the  E.M.F.  is  uniformly  induced.  But  if,  at  the  same  time  as  it  is 
moved  along,  the  inductor  be  twisted  about  itself  through  an  angle 


' -^^' 


•^-^^^•o> 


Fig.  19. 
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of  90*^,  at  the  end  of  its  path,  the  projection  of  its  length  l  will  be 
/,  and  consequently  the  area  traversed  is  the  area  of  the  irr^ular 
figure  A  L  D  d'  /^  a'  j  since  this  is  greater  than  the  area  of  the  figure 
a/dd'/'a,  the  average  E.M.F.  induced  during  the  movement 
will  be  correspondingly  greater. 

The  first  fundamental  equation  of  the  dynamo  which  deals 
with  its  voltage  has  now  been  determined,  and  may  be  con- 
veniently brought  to  mind  by  the  equation  of  the  C.G.S.  system, 
which  gives  the  E.M.F.  in  volts,  or 

(I)  E  =  ixio-« 

with  its  special  form 

(la)  E  =  BLVXIO~' 

By  means  of  these  equations,  and  the  methods  by  which  they 
are  reached,  any  case,  however  complicated,  of  E.M.F.  set  up  in 
conductors  by  movement  in  a  magnetic  field  may  be  solved  ;  the 
inductors  may  be  crooked  or  straight,  moving  with  variable  or 
uniform  velocity  in  a  field  of  uniform  or  variable  strength ;  they 
may,  too,  be  portions  or  not  of  a  complete  closed  circuit  and  con- 
veying currents  or  not;  all  that  is  necessary  is  to  resolve  each 
case  into  its  elements  to  which  our  primary  equations  can  be 
applied.  For  example,  in  the  case  of  a  complicated  closed  circuit 
it  must  be  mentally  split  up  into  small  elemental  portions,  and 
then  for  every  small  portion  we  have  only  to  determine  what  is 
its  rate  of  cutting  across  lines  \  for  this  is  at  once  the  E.M.F.  set 
up  in  that  portion  due  to  its  movement  The  E.M.F.  may  be 
aiding  a  current  or  it  may  be  opposing  it ;  still  there  is  that  E.M.F. 
generated  in  that  element  of  the  circuit  under  consideration.  Then 
by  summing  up  all  these  E.M.F.'s  throughout  the  whole  of  the 
circuit,  we  arrive  at  the  resultant  E.M.F.  acting  throughout  the 
entire  circuit.  In  so  doing,  however,  two  rules  must  be  invariably 
followed  :  we  must  pay  attention  to  the  direction  of  these  E.M.F.'s 
along  the  length  of  the  inductor,  and  if  we  fix  upon  a  certain 
direction  round  the  circuit  as  positive,  i.e.  the  direction  in  which 
the  current  round  it  is  flowing,  then  all  E.M.F.'s  in  that  direction 
must  be  considered  as  +  or  positive,  and  all  in  the  opposite  direc- 
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tion  as  —  or  negative,  and  we  must  add  together  the  E.M.F.*s 
algebraically,  with  due  regard  to  their  signs  ;  secondly,  we  must 
consider  whether  any  or  all  of  the  inductors  into  which  we  have 
divided  the  conducting  circuit  are  in  parallel,  since  then  the 
potential  difference  existing  at  the  ends  of  any  one  is  also  the 
potential  difference  between  the  ends  of  all  alike  ;  and  although 
the  internal  E.M.F.  in  one  or  more  may  be  higher  than  that 
induced  in  the  others,  yet  so  far  as  the  supply  of  current  to  the 
rest  of  the  circuit  is  concerned,  it  is  only  this  potential  difference 
which  is  effective. 

In  order  to  illustrate  the  application  of  the  above  laws,  let  us 
consider  the  case  of  a  four-sided  loop  moved  horizontally  in  a 
direction  at  right  angles  to  two  of  its   opposite  sides,  across  a 

uniform  magnetic  field,  the 
direction  of  which  is  vertical 
(fig.  20).  The  two  sides  a  b, 
c  d  will  act  as  inductors,  while 
in  the  two  ends  bc^ad^  which 
are  parallel  to  the  direction  of 
motion,  no  E.M.F.  is  gene- 
rated, since  they  do  not  cut 
any  lines.  \n  ab  and  c  d^  the 
induced  E.M.F. 's  act  in  the 
same  direction  as  viewed  by 

^ „  , ^  an  observer  at  either  end,  and 

n^,,,.^,^^^        are  of  the  same  value,  since 

p,Q^  ^  the  lines  are  cut  by  each  at 

the  same  rate.     But  the  two 

E.M.F.'s  oppose  each  other  round  the  loop,  and  consequently 

if  the  circuit  be  completed  from  a  to  dy  they  will  exactly  neutralise 

each  other,  and  no  current  will  flow  round  the  loop. 

But  now  let  us  move  the  same  loop  in  the  same  way  in  a  field 
of  varying  intensity  (fig.  21) ;  then  the  E.M.F.  in  ^i^  or  e  will 
be  greater  than  that  mc  dot  e^ and  therefore  the  resultant  E.M.F. 
acting  round  the  loop  as  a  whole  is  e— ^,  which  is  proportional  to 
the  difference  in  the  number  of  lines  cut  in  unit  time  by  a  ^  and 
cdye  being  a  back  E.M.F.  opposing  the  direction  of  the  current 
which  would  flow  on  closing  the  side  a  d.    If  we  make  c  d  move 
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in  a  field  the  direction  of  which  is  the  reverse  of  that  through 
which  a^  is  moved  (as  will  be  the  case  if  in  fig.  21  we  move  the 
loop  onwards,   so  that  the  right-hand  side  enters  the  opposite 
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field,  shown  on  the  plan  by  crosses),  the  two  E.M.F.*s,  though  in 
opposite  directions,  as  viewed  by  an  observer  at  either  end,  will 
assist  each  other  round  the  loop ;  in  other  words,  the  two  in- 
ductors are  in  series,  and  their 
total  E.M.F.  is  the  sum  of  the 
two  KM.F.'s,  or  e+^. 

Next  let  us  join  a  and  dy 
and  move  the  closed  loop 
through  the  same  field  as  in 
fig.  20,  while  we  apply  an 
external  circuit  to  the  ends 
b  Cy  a  d  (fig.  22)  :  the  two 
E.M.F/S  which  before 
balanced  each  other  now 
unite  to  send  a  cunent 
through  the  external  circuit, 
but    being    in    parallel,    the 

total  E.M.F.  acting  is  that  of  either  of  them.  The  arrangement, 
therefore,  does  not  add  to  the  voltage,  but  simply  doubles  the 
amperes  that  can  be   carried  without  damage  resulting  to  the 
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Fig.  S3. 


inductors  owing  to  the  heat  generated  by  the  passage  of  the 
current. 

Lastly,  let  us  rotate  the  loop  about  an  axis  passing  horizon- 
tally through  its  centre  (fig.  23).     Now  in  this  case  the  two  sides, 
ad  and  cd,  again  act  as  inductors,  while 
the  ends  are  inactive  ;  since  the  two  in- 
ductors at  any  moment  are  cutting  the 
lines  of  the  same  field  in  opposite  direc- 
tions, their  E.M.F.'s  assist    each    other 
round  the  loop,  so  that  the  total  E.M.F. 
is  the  sum  of  the  two  ;  and  if  the  loop 
is  closed  either  immediately  or  by  the 
interposition  of  an  external  circuit  in  a  d, 
a  current  will  flow,  due  to  this  total  E.M.F. 
This  last  case  leads  us  again  to  the 
important   distinction,  which   has    been 
before  noted,  between   the  average  and 
instantaneous  values  of  the  E.M.F.     If 
the  number  of  lines  which  are  being  cut 
at  any  instant  is  the  same  throughout  any 
period   of  time,    then  for  so   long   the 
E.M.F.  is  constant,  and  the  average  and  instantaneous  values 
coincide.     Such  a  constant  E.M.F.  may  be  due  to  movement 
with  uniform  velocity  through  a  uniform  field,  or  to  movement 
with  varying  velocity  through  a  field  of  varying  intensity,  the 
two  varying  inversely ;   in  either  case  the  rate  of  cutting  lines 
is  constant.      But    if   the  rate  of  cutting  varies,   either  firom 
movement  with  varying  velocity  through  a   uniform   field,   or 
from  movement  through  a  field  whose  varying  intensity  is  not 
counterbalanced    by  an    inversely   varying   velocity,    then    the 
instantaneous  value  of  E.M.F.  may  differ  greatly  from  the  average 
value,  since  at  any  moment  it  corresponds  to  the  actual  rate  of 
cutting  at   that  instant.     The  average  value    for    any    given 
movement  of  an  inductor  is  always  proportional  to   the  total 
number  of  lines  cut,  divided  by  the  time  taken  to  cut  them ; 
but  when  the  rate  of  cutting  is  variable,  the  whole  conditions 
of  the  case  can   best  be  represented  graphically  by  means  of 
a  curve  in  which  instantaneous  values  of  E.M.F.  are  plotted, 
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intervals  of  time  being  represented  by  abscissae  or  lengths 
measured  along  the  horizontal  axis,  and  corresponding  values  of 
the  E.M.F.  by  vertical  ordinates.  For  example,  in  fig.  24  let  the 
vertical  lines  represent  a  uniform  magnetic  field  across  which  a 
straight  inductor,  shown  in  section  at  a,  is  moved  parallel  to 
itself  with  uniform  velocity;  then  the  curve  of  E.M.F.  due 
to  motion  from  a  to  b  wiU  be  represented  by  a  straight  line, 
at  some  height  above  the  horizontal  axis,  which  is  fixed  by  the 
scale  on  which  volts  of  E.M.F.  are  plotted.    The  rate  of  cutting 
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does  not  vary,  and  the  E.M.F.  is  constant ;  while  if  at  b  the 
motion  is  instantly  reversed,  and  the  inductor  travels  back  to  a 
at  the  same  speed,  a  constant  E.M.F.  of  equal  value  is  ob- 
tained, but  in  the  opposite  direction.  We  thus  arrive  at  the 
pair  of  rectangles  shown  to  the  right  in  fig.  25.  If,  however, 
the  inductor  is  rotated  with  uniform  velocity  in  a  circle  about  o, 
the  rate  of  cutting  will  vary  at  every  instant  \  as  it  describes  the 
semicircle  ced,  at  the  first  instant  it  slides  along  the  lines, 
and  the  E.M.F.  is  zero;  gradually  the  E.M.F.  rises  until  it 
reaches  a  maximum  at  e,  where  the  motion  is  entirely  at  right 
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angles  to  the  lines.  From  this  point  it  falls  gradually  to  zero  again 
at  D.  Now  what  is  the  actual  rate  of  cutting  at  any  moment? 
The  actual  velocity  v  at  any  moment  is  in  a  direction  tangential  to 
the  circumference  of  the  circular  path  moved  through ;  in  fig.  24, 
if  V  represent  it  in  magnitude  and  direction,  its  projection  on  a 
horizontal  plane  is  v  sin  /3;  but  the  angle  )3  between  the  direction 
of  the  velocity  and  the  direction  of  the  field  is  equal  to  /?'  or  the 
angle  through  which  the  inductor  has  been  rotated,  reckoned  from 
its  position  when  its  motion  was  entirely  parallel  to  the  lines ; 
hence  the  horizontal  component  of  the  velocity  in  virtue  of  which 
the  inductor  cuts  the  lines  is  equal  to  v  sin  /?'.  Viewed  firom  a 
position  vertically  above  or  below,  the  inductor  would  appear  to 
move  with  ever-quickening  velocity  from  c  up  to  the  middle 
position  at  e,  where  it  reaches  a  maximum,  and  thence  with  falling 
velocity  as  it  passes  on  from  e  to  d.  If  we  plot  on  c  b  d  the 
values  of  this  apparent  velocity  v  sin  /3',  we  obtain  a  simple  sine 
curve  whose  maximum  value  is  v.  But  the  rate  of  cutting  is 
directly  proportional  to  this  varying  velocity,  and  therefore 
the  curve  connecting  E.M.F.  and  time  must  itself  be  a  simple 
sine  curve  like  the  curve  connecting  time  and  projected 
velocity.  We  have  now,  therefore,  determined  the  exact  shape  of 
the  curve  (fig.  25) ;  the  instantaneous  E.M.F.  is  a  sine  function  of 
the  angle  through  which  the  inductor  has  turned,  reckoned  from 
its  position  in  a  plane  normal  to  the  field  and  passing  through  the 
axis  of  rotation  ;  and  its  value  is  b  l  v  sin  /3'  x  10"*.  As  the 
rotation  is  continuously  maintained  with  uniform  velocity,  the 
E.M.F.  acts  first  in  one  direction,  then  in  the  opposite  direction, 
or  is  alternating.  When  /3'  is  o®,  180®,  or  360**  its  value  is 
zero  ;  when  /3'  is  90*^  or  270®  its  value  is  a  maximum,  first  in  a 
positive  and  then  in  a  negative  direction.  If  the  time  taken  to 
move  from  c  to  d  be  the  same  as  that  taken  to  move  from  a  to  b, 
the  average  value  of  the  E.M.F.  in  the  former  case  or  the 
average  height  of  the  curve  must  be  the  same  as  the  value  in  the 
latter  case,  or  the  height  of  the  straight  line  above  the  horizontal 
axis. 

Let  z  be  the  number  of  C.G.S.  lines  cut  by  the  inductor  as 
it  moves  from  a  to  b  or  from  c  to  d,  and  n  be  the  number  of 
revolutions  per  second  ;  then  the  number  of  lines  cut  in  the  half- 
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revolution  from  c  to  d  is  z,  and  the  time  taken  by  this  half- 
revolution  is  —  seconds  ;  therefore  the  average  E.M.F.  is 

Lxio-»=?^  volts (5) 

i  10* 

The  E.M.F.  induced  at  any  moment  in  the  inductor  is 
BLV  sin  pf  X 10"®.      But  v  =  2wrw,  where  r  is  the  radius  of 

C  D 

rotation  s  — ,  and  bl  2r  =  z  ;  hence  the  instantaneous  E.M.F. 
2 

at  any  moment  =  irzn  sin  ^'.  10"*  ;    the  maximum  value  of 

this  is  -nrzn  io~^ :  whence  it  follows  that  the  maximum  value  is 

-  X  average  value. 

2 

Now  when  an  inductor  passes  through  a  cycle  of  changes,  such 
that  it  returns  to  exactly  the  same  condition  as  existed  at  the 
commencement  of  the  cycle,  the  passage  through  the  cycle  is 
termed  a  *  period.'  Each  complete  revolution  of  the  inductor  c  in 
fig.  24  is  such  a  period,  yielding  a  complete  wave  of  E.M.F.  The 
number  of  complete  periods  per  second  is  known  as  the  *  perio- 
dicity' or  *  frequency '  of  the  alternating  E.M.F.  or  the  inductor 
which  yields  it,  and  in  the  above  case  is  equal  to  «,  or,  if  n  =  the 

number  of  revolutions  of  the  inductor  per  minute,  to  ^. 
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CHAPTER  V 

THE  MAGNETIC  PULL 

The  principle  on  which  the  primary  function  of  the  dynamo 
depends  and  an  electric  pressure  is  produced  at  certain  points  or 
terminals  has  now  been  discussed,  and  has  led  to  the  establish- 
ment of  the  fundamental  equation  which  determines  the  first  of 
the  two  factors  that  go  to  make  up  its  output,  i.e.  its  voltage. 
But  so  far  the  chief  result  contemplated  in  our  diagrams  of  a 
simple  inductor  has  been  this  electric  pressure  at  its  ends ; 
no  current  could  flow  along  it  so  long  as  the  ends  were  shown 
open  and  the  circuit  was  incomplete ;  no  electrical  energy  was 
present,  and  therefore  no  mechanical  energy  was  absorbed  by 
the  movement  in  order  to  be  converted  into  any  such  new  form. 
Hence  the  inductor  of  fig.  13  is  only  potentially  a  dynamo. 
But  now  suppose  that  the  inductor  wire  forms  portion  of  a  closed 
conducting  circuit,  the  remainder  of  which  is  external  to  the 
magnetic  field,  and  is  a  simple  electrical  resistance  of  R,  ohms,  such 
as  a  piece  of  wire  (fig.  i) ;  then  when  the  inductor  is  drawn  across 
the  field,  an  E.M.F.  is  set  up  between  its  two  ends,  a  and  d  ; 
and  these  being  points  in  a  closed  electric  circuit,  containing  no 
other  source  of  E.M.F.  besides  the  inductor,  a  current  of  elec- 
tricity  will  flow  through  the  whole  circuit.  The  value  of  the 
current  in  ampferes  will  be  equal  to  that  E.M.F.  in  volts  divided 
by  the  resistance  of  the  entire  circuit  expressed  in  ohms ;  or  in 
symbols 

where  e«  and  Ra  are  respectively  the  E.M.F.  induced  in  the 
inductor  and  its  resistance.  In  short,  the  inductor  has  now  become 
a  dynamo. 
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But  when  a  current  is  allowed  to  flow  through  the  inductor,  a 
distinction  must  be  made  between  the  internal  E.M.F.  developed 
in  its  length,  or  the  internal  portion  of  the  circuit,  and  the 
difference  of  potential  which  exists  at  its  terminals,  a,  d.  The 
latter,  which  we  will  call  e«  is  the  actual '  voltage '  of  the  inductor- 
dynamo,  which  when  multiplied  by  the  current  passing  through  it 
gives  the  output,  and  it  is  less  than  the  internal  E.M.F.  by  the 
number  of  volts  required  to  drive  the  current  through  the  resist- 
ance of  the  inductor. 

The  analogy  of  the  centrifugal  pump  will  render  this  clear. 
We  have  said  that  the  whole  of  the  power  developed  by  it  is  not 
available  outside  of  it  for  raising  water,  and  the  reason  is  the  same 
as  in  the  case  of  the  dynamo.  The  flow  of  water  is  the  same 
inside  and  outside  the  pump,  but  some  portion  of  the  total 
pressure  produced  in  the  pump  is  lost  in  overcoming  the  frictional 
resistance  of  its  own  ports  and  channels  to  that  flow,  and  to  this 
loss  of  pressure  is  due  the  fact  that  the  available  power  for  lifting 
water  is  less  than  the  total  power  developed  in  the  pump. 

The  terminal  voltage  of  the  simple  inductor-dynamo  is  therefore 

E^  =  Efl      CRfl, 

and  from  this  it  will  be  seen  that  on  open  circuit  when  no  current 
flows  Ee  =  E^ ;  but  as  the  current  is  increased  the  difference  between 
the  two  continually  increases.  The  volts  represented  by  cr^  are 
practically  useless,  being  spent  over  the  internal  resistance  ;  when 
multiplied  by  the  current  their  product,  or  c^r^  watts,  is  a  certain 
rate  of  development  of  electrical  energy  ;  but  this  energy  simply 
appears  as  heat  generated  in  the  inductor  which  is  not  only  useless 
but  costly  and  inconvenient  to  dissipate.  The  smaller  r^  is,  the 
less  will  be  this  loss,  and  the  more  nearly  e^  will  approximate  to 
E^.  For  this  reason  the  inductive  portion  of  the  modern  dynamo 
is  almost  invariably  composed  of  copper  ;  since  with  the  exception 
of  silver  (which  is  too  expensive)  copper  is  of  all  substances  the 
best  conductor  of  electricity,  and  therefore  for  a  given  length  and 
sectional  area  of  inductor  its  resistance  is  less  than  that  of  other 
metals. 

Directly,  however,  that  we  allow  a  current  to  flow  in  our 
inductor,  an  entirely  new  phenomenon  comes*  to  light.     It  now  for 
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the  first  time  requires  mechanical  force  to  be  applied  in  order  to 
move  it  across  the  field.  Magnetic  field  and  electric  current 
have  interacted,  and  there  is  a  definite  resistance  to  the  motion, 
which  must  be  overcome  by  mechanical  energy  supplied  from 
without. 

The  study  of  this  second  phenomenon  will  follow  a  course 
closely  analogous  in  every  particular  to  the  previous  study  of  the 
principle  of  electro-magnetic  induction.  Let  us  place  in  a 
magnetic  field  a  simple  straight  conductor  a  d  (fig.  26)  conveying 
a  current  whose  direction  of  flow  coincides  with  its  length,  and  is 
from  D  to  A ;  the  rest  of  the  circuit  which  must  necessarily  exist 
we  will  for  the  moment  disregard.  Let  it  occupy  any  position  in 
the  magnetic  field,  and  finally  let  us  take  any  line  of  action  which 
we  please,  along  which  we  wish  to  discover  whether  there  is  any 
mechanical  force  acting  on  the  conductor  and  tending  to  move  it 
in  that  direction.  As,  in  the  case  of  electro-magnetic  induction, 
the  direction  of  the  field  and  of  movement  were  given,  and  any 
line  of  action  forming  a  length  within  the  conductor  was  con- 
sidered with  reference  to  the  existence  of  an  E.M.F.  along  it,  so 
now  with  direction  of  field  and  of  flow  of  current  given,  any  line 
of  action  is  considered  with  reference  to  the  question  whether  any 
force  does  or  does  not  act  along  that  line. 

In  the  first  place,  whatever  the  relative  positions  of  the  lines 
which  represent  the  directions  of  field  and  length  of  conductor,  it 
is  evident  that  they  fall  under  one  or  other  of  two  heads  :  either 
the  length  of  the  conductor  is  parallel  to  the  direction  of  the  field, 
or  it  is  not.  Now,  in  the  first  case,  the  conductor  conveying  the 
current  is  entirely  unacted  on  by  any  force  due  to  the  external 
magnetic  field  in  which  it  is  placed,  and  it  has  no  tendency  to 
move  in  any  direction.  But  in  the  second  case  it  becomes  the 
seat  of  a  mechanical  force  which,  unless  resisted  by  an  equal  and 
opposite  force,  will  cause  it  to  move  in  a  definite  direction.  This 
second  case  is  equally  well  expressed  by  saying  that,  if  there  is  to 
be  a  mechanical  force  acting  on  the  conductor,  the  projection  of 
its  length  on  a  plane  normal  to  the  direction  of  the  field  must  be 
a  line,  and  not  a  point,  and  whenever  it  has  length  or  is  a  line,  then 
there  is  interaction  between  the  magnetic  field  and  the  conductor. 
In  fig  26  let  AD  be  a  conductor  whose  length  does  not  coincide 
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with  the  direction  of  field  in  which  it  is  placed,  and  let  a  ^  be  the 
projection  of  its  length  on  a  plane  normal  to  the  field.  At  right 
angles  X,o  ad  draw  a  line  o  m.  Then  the  conductor  a d  is  acted 
upon  by  a  force  distributed  throughout  its  entire  length  (since  it 
is  entirely  immersed  in  the  field),  and  the  direction  of  this  force 
at  each  portion  of  its  length  is  in  a  plane  normal  to  the  field  and 
parallel  to  o  m  ;  in  other  words,  if  it  is  free  to  move,  the  conductor 
will  move  parallel  to  itself  through  the  field  owing  to  the  action 
of  forces,  which  may  be  summed  up  and  represented  by  one  force 
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at  right  angles  to  its  length  and  in  a  plane  normal  to  the  field,  as 
indicated  by  the  line  o  m. 

We  have  next  to  determine  the  *  sense '  of  this  magnetic  force 
or  pull,  and,  further,  its  magnitude.  In  fig.  26,  if  the  direction  of 
the  lines  of  the  field  be  vertically  upwards,  and  the  current  flows 
in  the  conductor  from  d  to  a,  the  direction  of  the  pull  on  the 
conductor  will  be  from  left  to  right  towards  m,  i.e.  exactly  opposite 
to  the  direction  of  movement  which  would  produce  an  E.M.F. 
directed  from  d  to  a.     Hence  if,  instead  of  the  right  hand,  we 


Digitized  by  VjOOQ  IC 


64  THE  DYNAMO 

now  place  the  left  hand  outstretched  along  the  length  of  the 
conductor,  so  that  the  direction  of  current  is  from  the  wrist  to  the 
finger-tips,  while  the  thumb  points  in  the  direction  of  the  lines  of 
the  field,  the  direction  of  the  mechanical  pull  on  the  conductor 
will  be  across  the  hand  from  the  back  to  the  palm ;  in  other 
words,  the  palm  will  face  the  direction  towards  which  the  con- 
ductor tends  to  move.  The  force  is  a  mutual  action  between  the 
conductor  and  the  field,  so  that  if  the  conductor  is  held  fast,  and 
the  pole-pieces  between  which  the  field  exists  are  free  to  move, 
the  direction  in  which  they  will  move  is  of  course  opposite,  i.e. 
from  the  palm  of  the  hand  across  to  the  back.  Next,  as  regards 
the  magnitude  of  the  force,  if  /  be  the  length  of  the  conductor  a  d 
as  projected  on  to  the  plane  normal  to  the  field,  then  the  force 
acting  on  A  D  at  right  angles  to  its  length,  and  tending  to  move  it 
parallel  to  itself  along  o  m,  is  proportional  to  the  product  of  the 
strength  of  current,  intensity  of  field,  and  the  projected  length  of 
the  conductor,  or 

F  oc  C2l. 

But  /=  L  sin  y  (fig.  26  (2) ). 

/.  F  oc  ^BL  sin  y, 

from  which  it  is  again  evident  that  the  conductor  is  only  acted 
on  by  the  magnetic  pull  when  its  length  is  inclined  at  some  angle 
to  the  direction  of  the  field  ;  since  if  it  is  parallel  to  it,  y=o,  and 
F  is  zero. 

The  above  forms  the  statement  of  the  fact  of  electro-dynamic 
action  parallel  to  our  previous  statement  respecting  electro-magnetic 
induction.  As,  in  the  latter  case,  there  were  aspects  other  than 
that  in  which  it  was  presented,  so  also  are  there  other  ways 
of  presenting  the  second  fundamental  fact,  but,  again,  none  are  so 
suitable  in  connection  with  the  theory  of  the  dynamo.  Both  are 
laws,  ultimate  as  regards  the  subject  in  hand,  and  not  only  verifi- 
able by  direct  experiment,  but  also  affording  a  sure  groundwork 
of  theory  on  which  to  deal  with  any  case  that  may  arise. 

The  closely  analogous  nature  of  the  two  laws  is  already 
apparent  in  our  first  statement ;  if  the  projection  of  the  conductor 
or  inductor  on  the  normal  plane  be  a  point,  it  is  entirely  unacted 
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on  by  any  pull  from  the  magnetic  field,  and,  further,  no  E.M.F. 
can  be  created  in  it  by  movement  in  any  direction  parallel  to  itself. 
But  this  analogy  extends  still  further.  When  inclined  to  the 
direction  of  the  field,  the  actual  force  acting  on  the  conductor  due 
to  a  magnetic  pull  is  always  f  oc  ^l  sin  y  along  the  line  o  m  ;  but 
the  whole  or  part  of  this  may  be  balanced  by  other  external  forces, 
and  we  have  undertaken  to  discover  the  force  acting  on  the  con- 
ductor along  any  line  of  action  which  we  please  to  consider.  This 
we  are  now  in  a  position  to  do,  since  all  that  is  required  is  to 
resolve  the  force  f  along  the  given  line  of  action,  in  order  to  find 
the  component  acting  along  it,  which  may  or  may  not  be  un- 
balanced. In  fig.  26  (i)  let  o  ^  be  the  line  of  action  under  con- 
sideration, its  projection  on  the  normal  plane  being  along  o  tn ; 
then  the  component  of  the  force  f  acting  along  the  line  o  /»  is 
/=  F  sin  o, 

where  a  is  as  before  the  angle  which  the  projection  of  the  line  of 
action  makes  with  the  projected  length  of  the  conductor  (fig.  26  (3) ). 
Further,  the  component  of/ along  the  line  o  tn'  is 

/  =/sin  A 

where  )8  is  the  angle  which  the  line  ot  action  makes  with  the 
direction  of  the  field  (fig.  26  (i) ).  Hence  the  force  acting  on  the 
conductor  along  the  given  line  of  action  o/«'  is 

f  oc  rBL  sin  a .  sin  )9 .  sin  y.     .  .     (6) 

The  expression  we  have  now  obtained  is  exactly  analogous  in 
form  to  the  expression  previously  airivedat  for  the  E.M.F.  induced 
in  a  rectilinear  conductor  when  moved  in  any  direction  parallel 
to  itself,  and  it  may  be  put  into  similar  words.  With  any  position 
of  the  conductor  relatively  to  the  line  of  field  and  the  line  of 
action,  either  the  projections  of  the  conductor's  length  and  the 
line  of  action  are  in  the  same  straight  line,  or  they  are  inclined  to 
each  other  at  some  angle  other  than  180** :  in  the  first  case  there 
is  no  magnetic  force  acting  on  the  conductor  and  tending  to 
move  it  in  the  given  line  ;  in  the  second  case  there  is  a  certain 
magnetic  force  or  component  of  a  force  acting  along  that  line. 
Whenever  a  conductor  is  subjected  to  a  magnetic  pull,  the  line  of 
action  along  which  the  force  is  a  maximum  is  at  right  angles  to 

F 
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the  projected  length  and  in  the  normal  plane,  and  consequently, 
as  we  have  said,  it  is  in  this  direction  that  the  conductor,  if  free  to 
move,  will  travel  parallel  to  itself.  There  is  no  tendency  for  it  to 
rotate  so  as  to  alter  the  angle  y.  For  a  given  length  of  conductor, 
however,  this  force  is  a  maximum  when  the  conductor  is  itself  at 
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Fig.  «7. 

right  angles  to  the  field  or  in  the  normal  plane,  as  shown  in  fig.  27, 
and  this  maximum  value  of  the  force  is  f  oc  bl^,  or 

F=itBLr, 

where  k  is  again  some  constant  depending  on  the  system  of  units 
employed.  On  the  C.G.S.  system,  the  force  being  measured  in 
dynes,  c  in  absolute  units  of  current  strength  and  b  in  C.G.S. 
lines  per  square  centimetre,  ii=i.  If  ^  be  in  amperes,  >^=io~S 
and  we  have 

(II)  F(dynes)=Bi/-xio~^        ....     (7) 

which  forms  the  second  fundamental  equation  of  the  dynamo. 
If  F  be  measured  in  lbs.  and  l  in  inches,  while  b  and  c  are  retained 
in  C.G.S.  units  and  amperes  respectively,  the  equation  becomes 

F  (pounds) = 57  X  io~*  bl'V  (8) 
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One  feature  still  remains  to  be  considered.  When  the  con- 
ductor of  fig.  26  is  unconstrained  and  moves  parallel  to  itself  in 
the  direction  of  the  line  o  m,  it  passes  broadside  through  the  field, 
and  for  a  given  distance  moved  through,  the  number  of  lines  cut 
is  a  maximum.  Further,  since  the  force  f  has  no  component  in  a 
vertical  direction  or  along  the  length  of  the  conductor,  it  is  evi- 
dent that  there  is  no  tendency  for  the  conductor  to  move  up  and 
down  the  lines  or  end-on  through  them.  It  is  essential,  therefore 
for  the  existence  of  force  along  any  line  of  action  that  the  con- 
ductor, by  movement  in  that  direction,  should  cut  lines  of  the  field 
along  its  length. 

Now  in  the  simple  but  fundamental  case  of  fig.  27  two 
corollaries  attract  our  attention  most  forcibly.  By  comparing 
fig.  27  with  fig.  13  it  will  be  seen  that  the  direction  of  the 
magnetic  pull  on  the  conductor,  when  a  current  flows  through  it 
from  D  to  A,  is  exactly  opposite  to  the  direction  of  movement 
which  would  induce  an  E.M.F.  in  it  from  d  to  a.  And  this 
feature  is  equaUy  present  in  all  other  cases  (compare  figs.  26  and 
14),  and  is  embodied  in  the  rule  that,  in  determining  the  direction 
of  an  E.M.F.  along  a  given  line  of  action,  the  right  hand  is  used, 
while  in  determining  the  direction  of  magnetic  pull  on  the  con- 
ductor the  left  hand  is  used.  Supix)se  that  the  conductor  of 
fig.  27  conveying  a  current  from  d  to  a  is  free  to  move  under  the 
action  of  the  magnetic  pull ;  then  at  once  it  cuts  the  lines  of  the 
field,  and  the  induced  E.M.F.  as  shown  by  the  application  of  the 
right  hand,  is  from  a  to  d  ;  it  is  therefore  a  hack  E.M.F.  opposing 
the  flow  of  the  current  and  reducing  its  strength.  Similarly 
in  all  cases  in  which  a  conductor  is  left  free  to  move  under  the 
magnetic  pull  on  it,  it  always  cuts  lines  along  its  length,  and 
consequently  always  induces  an  E.M.F.  along  its  length,  and  we 
now  see  that  this  E.M.F.  is  so  directed  as  to  oppose  the  flow  of 
current  to  which  the  movement  is  itself  due.  That  it  must  so 
oppose  the  current  is  evident  if  we  consider  what  would  be  the 
consequences  were  it  to  assist  the  flow  of  current ;  the  strength 
of  this  latter  would  be  increased,  the  pull  would  proportionately 
increase,  and  the  conductor  would  move  with  ever-increasing 
velocity,  which  in  turn  would  induce  a  continually  increasing 
E.M.F.  in  the  same  direction  as  the  current  ;  and  this  process 
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would  go  on  for  ever  until  both  the  E.M.F.  and  current  were 
infinitely  great  We  should  thus  obtain  an  indefinite  amount  of 
electrical  energy"  without  the  expenditure  of  any  in  another  form, 
which  is  impossible  by  the  law  of  the  conservation  of  energy. 
Hence  the  E.M.F.  induced  by  the  free  motion  of  a  conductor 
carrying  a  current,  when  placed  aslant  in  a  magnetic  field,  must 
oppose  the  current,  and  this  necessary  fact  might  be  used  to 
determine  the  direction  of  movement  which  will  ensue  for  a  given 
direction  of  current  in  the  conductor. 

Next  let  the  current  in  a  d  (see  fig.  27)  be  itself  due  to 
movement  of  it  through  the  magnetic  field  ;  that  is,  an  E.M.F.  is 
being  generated  in  it,  acting  from  d  to  a.  For  this  to  be  the  case 
the  direction  of  movement  must  be  towards  the  left  But  the 
direction  of  the  force  acting  on  it,  due  to  its  being  a  conductor 
carrying  a  current  from  d  to  a,  is  towards  the  right,  and  is  there- 
fore directly  opposed  to  the  movement  which  produces  the  E.M.F. 
Hence  the  movement  of  the  conductor  is  resisted  by  a  mechani- 
cal force  in  the  opposite  direction,  and  this  fact  may  conversely 
be  used  to  determine  the  direction  of  the  E.M.F.  along  the  length 
of  the  inductor.  For,  suppose  a  current  to  flow  under  the  in- 
duced E.M.F.,  the  direction  of  the  two,  therefore,  being  the  same ; 
then  this  direction  must  be  such  that  there  shall  be  a  force  acting 
on  the  inductor  opposing  the  movement  which  induces  the  E.M.F. 
In  all  cases,  therefore,  of  electro-magnetic  induction  the  direction 
of  the  induced  E.M.F.  must  be  such  that  a  current  flowing  under 
it  tends  by  its  electro-dynamic  action  to  stop  the  motion  which  pro- 
duces the  E.M.F.  This  general  statement  was  formulated  by 
Lenz  in  1834,  and  is  known  as  Lenz's  law. 

At  once  we  begin  to  have  an  insight  into  the  reason  why  an 
expenditure  of  mechanical  energy  is  required,  if  a  current  is 
allowed  to  flow  in  our  inductor  of  fig.  i,  under  the  influence  of 
the  E.M.F.  induced  in  it.  By  the  principle  of  the  conservation  of 
energy,  no  new  form  of  energy  can  be  made  to  appear,  save  by  the 
transformation  of  some  other  form.  In  the  case  of  the  electric 
motor  which  is  contained  in  the  first  of  the  above  two  corollaries, 
a  current  is  passed  through  a  system  of  conductors  placed  in  a 
magnetic  field  ;  they  are  thus  subjected  to  a  mechanical  pull, 
which  will  cause  movement,  and  so  give  off"  work,  electrical  energy 
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being  transformed  into  mechanical,  and  the  conductors  becoming 
also  inductors,  or  the  seat  of  an  induced  back  E.M.F.  In  the  case  of 
the  dynamo  which  is  embodied  in  the  second  of  the  two  corollai  ies, 
a  current  flows  in  the  direction  of  the  induced  E.M.F.,  so  that  the 
system  of  inductors  becomes  also  a  system  of  conductors ;  the 
movement  which  produces  the  E.M.F.  is  resisted  by  a  mechanical 
force,  and  consequently  mechanical  energy  is  transformed  into 
electrical  energy.  The  equality  of  the  two  is  easily  shown  :  e,g. 
in  flg.  27  let  ^  be  the  strength  of  current  flowing  through  our  in- 
ductor under  the  E.M.F.  produced  by  movement  of  it  towards 
the  left  with  uniform  velocity  v,  all  units  being  on  the  C.G.S. 
absolute  system.  The  rate  of  development  of  electrical  energy 
throughout  the  circuit  is  equal  to  the  product  of  the  E.M.F.  and  the 
current  flowing  round  it,  i.e.=rE.  But  e=blv  ;  therefore  electrical 
eneiTgy  is  developed  at  the  rate  of  csis  ergs  per  second.  Now 
with  the  current  flowing  in  the  direction  shown  in  the  inductor,  it 
is  acted  on  by  a  force  at  right  angles  to  its  length,  and  tending  to 
draw  it  towards  the  right  The  magnitude  of  this  force  is  fs^l. 
But  this  force  is  overcome  through  a  length  v  in  unit  time; 
mechanical  energy  has  therefore  to  be  expended  at  the  rate  of 
FV  ergs  per  second.  But  this  is  equal  to  <3LV,  which  is  identical 
with  the  expression  for  the  rate  of  development  of  electrical  energy. 

Or,  again,  take  the  case  shown  in  flg.  14,  and  compare  it  with 
fig.  26  ;  the  E.M.F.  produced  by  movement  of  the  inductor  in 
the  direction  o  w!  is  equal  to  blv  .sin  a .  sin  yS .  sin  y  in  the 
direction  from  d  to  a.  Let  this  produce  a  current  of  strength  c 
round  the  circuit  when  closed ;  then  the  inductor  is  acted  on 
by  a  magnetic  pull,  f  =  ^l  .  sin  y,  in  the  direction  o  m  (fig.  26). 
But  the  whole  of  this  is  not  overcome  by  the  force  which  pro- 
duces the  movement ;  it  is  only  the  component  of  f  along  the 
line  o  w',  which  acts  as  a  resistance  to  the  movement,  and  this  is 
equal  to  f  sin  a .  sin  )3  =  ^L .  sin  a .  sin  ^ .  sin  y.  The  product 
of  the  resistance  overcome,  and  the  velocity  v  is  therefore  again 
equal  to  the  rate  of  development  of  electrical  energy,  or  ^e. 

But  by  what  mechanism,  it  is  naturally  asked,  is  this  resistance 
to  a  movement  inducing  an  E.M.F.,  and  which  only  arises  when 
a  current  flows,  brought  about  ?  It  is  by  the  interaction  of  the 
poagnetic  field   due  to  the  current,  with  the  inducing  magnetig 
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field.  It  has  been  shown  that  a  conductor  conveying  an 
electric  current  is  itself  the  centre  of  a  magnetic  field,  and  it  is 
through  its  magnetic  properties  that  the  current  can  react  on  the 
original  field.  This  interaction  can  be  treated  in  several  different 
ways :  these  consist  in  attributing  either  to  the  magnetic  lines 
themselves  or  to  the  closed  conducting  circuit  certain  properties, 
by  means  of  which  all  the  phenomena  attendant  upon  the  super- 
position of  two  or  more  magnetic  fields  can  be  correlated  and 
brought  into  harmony.  Of  such  methods  two  principal  ones  may 
be  mentioned  ;  but  it  must  be  remembered  that  the  ultimate  nature 
of  the  action  is  not  more  explained  by  them  than  by  the  primary 
law  under  which  the  subject  was  first  presented. 

Take  the  case  of  a  rectangular  loop  of  wire  round  which  a 
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current  flows,  and  placed  so  that  its  plane  is  parallel  to  the  direc- 
tion of  the  field  between  two  external  pole-pieces  (fig.  28).  Then 
it  follows  firom  our  electro-dynamic  law  that  if  the  direction  of  the 
current  round  the  loop  be  as  shown  by  the  arrow,  the  side  1-2 
will  be  subjected  to  a  force  tending  to  move  it  towards  the  right, 
as  seen  from  d,  while  the  side  3-4  will  be  subjected  to  an  equal 
force  tending  to  move  it  towards  the  left ;  the  ends  2-3  and  1-4 
will  while  parallel  to  the  field  have  no  force  exerted  on  them, 
and  when  in  a  plane  normal  to  the  field,  or  in  any  intermediate 
position,  the  force  tending  to  move  2-3  in  one  direction  will  be 
counterbalanced  by  the  force  tending  to  move  1-4  in  the  opposite 
direction.  The  whole  loop  will  therefore  be  acted  upon  by  a 
couple  tending  to  rotate  it  in  a  clockwise  direction,  and  the 
position  which  it  will  take  up  if  free  to  move  is  one  in  which  its 
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plane  is  nonnal  to  the  direction  of  the  field,  as  shown  by  dotted 
lines.  When  the  loop  is  vertical  and  is  subjected  to  a  magnetic 
pull,  the  lines  that  would  be  due  to  the  current  alone  would 
pass  through  it  from  right  to  left,  as  seen  from  d.  Such  a 
supposed  field  must,  however,  be  compounded  with  the  original 
vertical  field,  and  the  result  of  this  composition  is  that  the  lines 
of  the  actual  field  in  nature  are  twisted  out  of  their  direct  path. 
When  the  loop  has  rotated  into  its  position  of  rest,  the  lines 
that  would  be  due  to  the  current  alone  coincide  in  direction  with 
the  lines  of  the  original  field,  ue.  pass  vertically  upwards  through 
the  loop.  Hence,  as  the  loop  rotates,  the  lines  of  the  resultant 
field  shorten  their  path,  and  further  become  a  maximum.  Thus 
not  only  may  the  lines  of  a  compound  field  be  said  to  tend  to 
shorten  themselves,  but  every  closed  circuit  conveying  a  current 
tends  to  set  itself  so  that  the  lines  embraced  by  it  are  a 
maximum. 

Again,  it  has  been  shown  that  a  loop  of  wire  conveying  a  cur- 
rent may  be  likened  to  a  magnetic  shell,  the  two  faces  of  which 
are  respectively  N.  and  S.  Consequently,  in  fig.  28  the  loop  tends 
so  to  set  itself  that  it  presents  its  N.  face  to  the  S.  pole  of  the 
external  magnet,  and  its  S.  face  to  the  N.  pole-piece,  since  unlike 
poles  attract,  like  poles  repel.  If  the  loop  be  forcibly  rotated 
in  an  anti-clockwise  direction,  an  E.M.F.  will  be  set  up  which 
would  be  the  cause  of  an  alternating  current ;  but  with  such  a 
direction  of  rotation  the  N.  face  of  the  loop  would  be  continually 
presented  to  the  N.  pole  of  the  magnet,  and  therefore  there  will 
be  repulsion  resisting  the  motion. 

Let  us  now  consider  the  case  of  an  iron  cylinder  along  the 
outside  of  which  and  parallel  to  its  length  are  arranged  a  number 
of  conductors  conveying  currents,  and  placed  in  a  magnetic  field 
between  two  pole-pieces  (fig.  29).  The  direction  of  the  lines  in 
the  air-space  between  the  iron  poles  and  the  iron  cylinder  will  be 
nearly  radial,  except  for  a  small  fringe  of  lines  near  the  gaps 
between  the  pole- pieces.  Let  the  direction  of  the  currents  in  the 
one  half  of  the  conductors  (marked  with  a  dot)  under  one  pole- 
piece  be  towards  an  observer,  looking  at  the  cylinder  from  its  end, 
and  in  the  other  half  (crossed)  away  from  the  observer.  Such  is 
the  case  of  the  armature  of  the  machine  in  fig.  2.     By  application 
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of  the  left  hand  it  will  be  found  that  each  conductor  is  subjected  to 
a  pull  exactly  tangential  to  a  circle  passing  through  the  centre  of 
the  conductors,  save  in  those  which  are  nearly  or  quite  vertical. 
The  directions  of  a  few  of  these  forces  are  shown  on  the  diagram. 
We  may  consider  the  whole  as  a  number  of  loops  all  tending  to 
set  themselves  vertical^  so  as  to  embrace  all  the  lines  of  the  field, 
while  the  ends  of  the  loops  will  exert  neither  an  upward  nor  a 
downward  pull.  The  total  result  of  the  action  will  be  that, 
unless  otherwise  constrained,  the  whole  system  of  conductors 
will  rotate  in  a  clockwise  direction.  Now,  if  the  above  represents 
an  electric  motor,  the  conductors  will  so  rotate,  and  therefore 
induce  in  themselves  an  E.M.F.  opposed  to  the  flow  of  current. 

But  if  the  conductors  are  rotated  in  an  anti-clockwise  direc- 
tion, they  will  induce  E.M.F.'s  in  the  directions  which  the 
currents  are  supposed  to  have,  and  the  whole  becomes  a  dynamo  ; 
hence  the  mechanical  resistance  to  the  rotation  which  arises 
when  a  current  flows  under  those  E.M.F.'s  takes  the  form  of  a 


Fig.  29 


tangential  drag,  acting  on  each  of  the  conductors  round  the 
circumference ;  and  this  must  be  overcome  by  the  mechanical 
force  applied  to  the  shaft  of  the  armature.  This  tangential  drag 
is  removed  and  put  on  again  twice  in  each  revolution  as  the 
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conductor  passes  over  from  under  one  pole  to  the  other ;  it  is, 
however,  always  in  the  same  direction  relatively  to  the  rotation. 

Assuming  the  induction  b  in  the  air  gaps  to  be  practically 
uniform  under  the  pole-^ces,  if  /=slength  in  cm.  of  each  con- 
ductor within  the  influence  of  the  field  or  the  length  of  the  iron 
cylinder,  the  force  on  each  conductor  within  the  polar  field  is 
Bi5f  X  lo"*  dynes,  where  rssthe  current  in  ampbres  carried  by  the 
conductor.  If  r=the  total  number  of  conductors  each  carrying 
the  same  current  ^,  and  ^=:the  angular  width  of  the  polar  field 
in  radians,  the  number  of  conductors  within  one  polar  field  at 

any  moment  is  rx  — ,  and  the  total  tangential  pull  acting  round 

both  sides  of  the  armature  is 

F=r .  -2- .  Bi5f  X  io~*  dynes       •        .        •    (9) 

and  this  acts  at  radius  r  in  cm.  drawn  to  the  centre  of  the  con- 
ductors.   The  torque  is  therefore 

T=sr .  2 .  "^kr  X  io~^  dyne-centimetres. 
Now  the  area  of  the  field  under  one  pole-face  is  2?rr/x  —ssr/p, 

2ir 

whence  if  z^sthe  total  number  of  lines  that  pass  into  the 
armature  from  one  pole  or  pass  out  of  it  into  the  other  pole, 

B  as  -?•.     Substituting  this  value,  the  torque  is 

tssLlLl^xiot^  dyne-centimetres,  or -^^^-^'  ^ pound- feet. (10) 

Multiplying  these  by  «i>  the  angular  velocity  in  radians  per  sec,  we 
ootain  the  power  of  the  machine  either  in  ergs  per  second,  or  in 
foot-pounds  per  second. 

In  ordinary  dynamos  of  modern  construction  the  strength  of 
field  in  the  air-space  through  which  the  inducing  system  of  con- 
ductors is  moved  is  usually  about  5,000  C.G.S.  lines  per  square 
centimetre.  Consequently  the  force  acting  on  each  conductor  to 
resist  its  motion  per  foot  of  active  length  is  '0342  lb.  for  every 
ampbre  of  current  flowing  through  it,  or  nearly  3^  lbs.  for  100 
ampbres.   The  shaft  and  framework  of  the  dynamo  must  be  strong 
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enough  mechanically  to  withstand  the  drag  on  the  inductors,  and 
they  must  be  prevented  from  slipping  on  the  armature.  The 
second  fundamental  equation  has  now,  therefore,  introduced  the 
mechanical  element  which  is  required  in  order  to  complete  our 
first  view  of  the  dynamo  as  a  machine,  and  it  can  be  readily  seen 
why  the  knowledge  both  of  the  electrician  and  of  the  mechanical 
engineer  is  required  for  the  design  of  the  dynamo ;  neither  can 
be  neglected,  as  indeed  the  very  word  'dynamo-electric'  fore- 
shadows. 

This  leads  us  to  the  next  question,  viz.  What  determines  the 
amount  of  current  which  may  be  taken  out  of  any  dynamo  ?  We 
have  seen  that  when  once  an  electric  pressure  or  electro-motive 
force  has  been  generated  by  the  simple  inductor  (fig.  i)  the  current 
which  will  flow  through  it  is  simply  determined  by  the  resistance 
of  the  inductor  itself  (r«),  and  that  of  the  external  circuit  (r,),  or 

Ra  +  R- 

and  consequently  for  given  values  of  e^  and  r^  it  is  a  maximum 
when  the  external  resistance  is  negligibly  small,  as  will  be  the  case 
if  the  terminals  of  the  inductor  are  joined  together  by  a  short 
piece  of  stout  copper,  or,  as  it  is  termed,  if  the  dynamo  be  short- 
circuited. 

The  machine  is  most  effectively  short-circuited  if  its  terminals 
are  brought  into  actual  contact,  so  that  in  fig.  i  a  and  d  are  one 
and  the  same  points :  this  secures  the  maximum  strength  of 
current  for  the  E.M.F.  induced  round  the  circuit,  and  the  magni- 
tude of  the  E.M.F.  itself  depends  on  the  speed  of  movement 
which  can  be  maintained  by  the  prime  mover. 

But  for  every  ampere  of  current  flowing  through  the  inductor 
our  second  equation  shows  that  a  definite  force  is  brought  into 
play  which  resists  the  motion.  Hence,  theoretically,  the  maximum 
rate  at  which  electrical  energy  can  be  developed  by  a  dynamo  is 
solely  determined  by  the  horsepower  of  the  steam-engine,  or  other 
prime  mover  employed  to  overcome  the  resistance  to  the  motion, 
when  taxed  to  its  utmost. 

But  for  practical  purposes  it  is  not  simply  a  maximum  rate  of 
development  of  electrical  energy  which  is  required,  but  a  maxi  • 
mum  rate  of  development  in  the  external  circuity  since  here  alone 
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is  it  useful ;  it  is  the  output  or  the  product  £«c«  which  has  to  be 
a  maximum.  When  the  machine  is  short-circuited,  although  the 
rate  of  internal  development  of  energy  is  a  maximum,  there  is  no 
output,  for  the  number  of  volts  used  in  driving  the  current  through 
the  internal  resistance  of  the  inductor,  or  cr«  is  equal  to  e^  its 
internal  E.M.F.,  and  therefore  e«  is  zero.  Hence  in  practice  it  is 
necessary  to  maintain  at  the  terminals  of  the  machine  a  certain 
voltage  suited  to  the  purpose  in  view,  and  also  suited  to  the  design 
of  the  machine  as  a  generator  of  electric  pressure. 

But  so  long  as  the  mechanical  energy  at  our  disposal  suffices 
to  produce  such  speed  of  movement  as  will  maintain  the  required 
voltage  at  the  terminals,  the  output  of  the  dynamo  may  be  inde- 
finitely increased  by  lessening  the  external  resistance,  and  so 
increasing  the  current.  However,  in  practice,  certain  other 
considerations,  apart  from  the  question  of  the  mechanical  power 
at  our  disposal,  limit  the  current  which  can  safely  be  taken  out  of 
the  dynamo,  and  one  of  the  most  important  of  these  is  the  heating 
of  the  inductor  by  the  passage  of  die  current  Unless  the  heat 
which  is  continuously  generated  at  the  rate  of  c^Ra  watts  can  be 
dissipated  quickly  enough,  the  temperature  of  the  inductor  will 
rise  so  high  that  we  run  the  danger  of  fusing  it  or  at  least  burning 
its  insulation.  Given,  therefore,  sufficient  horsepower  applied  to  a 
dynamo  constructed  to  give  a  certain  terminal  voltage,  the  greatest 
current  which  it  will  be  able  to  continuously  maintain  is  in  general 
determined  by  the  rate  at  which  the  heat  produced  in  it  can  be 
dissipated,  and  so  indirectly  by  the  relation  existing  between  the 
electrical  resistance  of  its  armature  and  the  area  and  effectiveness 
of  the  surface  exposed  to  the  cooling  of  the  air. 

The  two  equations  of  the  dynamo  have  now  been  discussed, 
and  expressed  symbolically,  i.e.  on  the  C.G.S.  practical  system 

(I)  E  =  BLV  X  IO-* 

(II)  F  =  BL^XIO*-^ 

The  first  deals  with  the  creation  of  electrical  pressure  by  means  of 
electro-magnetic  induction  ;  the  second  with  the  absorption  of 
mechanical  energy,  when  an  electric  current  flowing  under  this 
pressure  interacts  with  the  magnetic  field  by  movement  through 
which  the  E.M.F.  was  induced.  Both  are  embodied  practically 
in  the  dynamo  and  underlie  it  in  all  its  manifold  types. 
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CHAPTER  VI 

SELF-INDUCTION 

One  of  the  consequences  which  ensue  when  a  current  is  permitted 
to  flow  through  our  inductor  wire,  viz.  the  magnetic  pull  on  it,  has 
now  been  considered  ;  another  of  great  importance  remains  still 
to  be  traced.  It  has  been  said  that  the  inductor,  in  which  we 
wish  to  calculate  the  E.M.F.  induced  by  movement  in  a  magnetic 
field  by  the  rules  of  Chapter  IV.,  may  or  may  not  be  carrying  a 
current,  according  as  it  is  or  is  not  part  of  a  closed  electrical 
circuit  Now,  suppose  that  it  is  carrying  a  current :  when  this  is 
the  case,  we  have  spoken  of  the  superposition  of  its  own  magnetic 
field  upon  that  already  existing.  We  must  now,  therefore,  ask. 
What  is  the  effect  of  the  co-presence  of  these  two  fields  as  r^ards 
the  E.M.F.  induced  in  the  inductor?  In  actual  nature  at  any 
point  in  space  there  can  never  be  more  than  one  magnetic  field 
as  mapped  out  by  lines  of  induction  ;  but  this  magnetic  field  may 
for  purposes  of  investigation  be  regarded  as  the  resultant  of  two 
or  more  fields ;  and  hence  it  is  l^itimate  to  consider  these  as 
acting  separately  on  the  inductor,  and  so  arrive  at  the  resultant 
E.M.F.  set  up  in  it.  In  the  case  here  to  be  considered  we  may 
regard  the  actual  field  in  which  the  inductor  is  immersed  as  made 
up  of  two  sets  of  lines — one  due  to  an  external  source  of  magneti- 
sation, and  one  due  to  the  current  in  the  inductor  itself ;  each 
produces  its  own  proper  effect,  which  can  be  considered  entirely 
apart  from  the  effect  of  the  other. 

Now,  when  the  current  flowing  through  a  conductor  is  a  steady 
current  in  one  direction  and  of  constant  value,  the  field  due  to  it 
remains  unvarying  in  intensity  and  position  relatively  to  the  con- 
ductor. Hence,  if  it  be  a  steady  current  which  we  have  supposed 
\o  be  flowing  in  our  conductor,  tbeq,  ^ven  though  it  be  moved  in 
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space,  as,  in  fig.  24,  by  rotation  round  the  axis  of  a  spindle,  it 
carries  its  own  field  along  with  it,  and  therefore  can  never  by  its 
own  movement  cut  its  own  lines.  At  any  point  lying  in  its  path, 
and  through  which  it  either  will  pass  or  has  already  passed,  the 
number  of  lines  transversal  to  its  length  may  be  more  than  the 
number  due  to  the  external  field  within  any  given  area,  but  it 
cannot  either  cut  or  have  cut  this  increased  number,  since  it 
carries  along  with  it  its  own  lines,  which  have  so  increased  the 
original  field.  But  a  further  possibility  still  remains,  and  this  is 
that  the  lines  due  to  the  current  may  by  their  own  movement  cut 
the  conductor ;  and  this  does,  in  fact,  take  place  whenever  the 
current  begins,  or  ends,  or  varies  in  strength.  When  a  current 
starts  to  flow  in  a  conductor  the  magnetic  field  surrounding  it  has 
to  be  called  into  existence  ;  and  we  may  picture  to  ourselves  this 
process  by  means  of  the  conception  of  the  circular  lines,  shown  in 
fig-  7>  being  thrown  off  from  the  central  axis  of  the  conductor  and 
gradually  expanding  outwards  like  the  circular  ripples  caused  by 
the  dropping  of  a  stone  into  still  water.  As  the  ring-lines  first 
formed  expand  outwards  and  pass  laterally  across  the  substance  of 
the  conductor  out  into  the  medium  surrounding  it,  new  ones  are 
continually  being  formed  at  the  centre,  themselves  in  turn  to 
expand  outwards.  Whenever  the  current  increases  in  strength, 
more  rings  are  thrown  off  from  the  centre  of  the  conductor,  and 
the  field  external  to  it  becomes  more  crowded ;  while  if  the 
current  decreases  in  strength  all  the  rings  contract  inwards  and 
some  pass  into  the  conductor  and  disappear  by  absorption  at  the 
centre.  The  magnetic  circles  behave  like  elastic  rings  stretched 
outwards  by  some  internal  pressure  acting  all  round  them.  Finally, 
when  the  current  ceases  to  flow,  the  rings,  being  in  a  state  of  strain, 
and  now  being  left  unsupported,  as  it  were,  by  the  falling  current, 
collapse  inwards,  cut  the  conductor  transversely  and  disappear 
entirely.  All  such  changes  are  not  instantaneous,  but  take  a 
certain  time — short  it  may  be,  but  still  a  definite  period  of  time. 

Now  here  we  have  a  case  of  relative  motion  of  field  and  con- 
ductor by  reason  of  which  the  lines  cut  the  conductor  at  a  certain 
rate ;  consequently  the  conductor  conveying  a  current  of  varying 
strength  must  also  act  as  an  inductor,  and  an  E.M.F.  is  set  up  in 
it  proportional  to  the  time-rate  at  which  the  lines,  expanding  or 
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contracting,  cut  the  conductor.  Such  cutting  is  not  due  to  any 
movement  of  the  conductor  itself,  but  to  the  variation  in  the 
strength  of  the  current  flowing  in  it,  which  causes  its  own  magnetic 
field  to  vary,  and  the  E.M.F.  so  produced  is  called  the  E.M.F.  of 
*  self-induction,*  as  being  induced  by  the  conductor  upon  itself. 
Since  the  circular  lines  of  force  surrounding  a  solitary  rectilinear 
conductor  are  in  a  plane  perpendicular  to  the  direction  of  the  flow 
of  the  current  at  any  point,  the  line  of  action  of  the  E.M.F.  which 
they  produce  must  necessarily  be  the  axis  of  the  flow  of  current 
in  the  conductor.  Its  direction  along  this  line  of  action  has  next 
to  be  considered.  In  fig.  7  let  the  current  passing  downwards 
through  the  plane  of  the  paper  be  increasing  in  value,  then 
circular  lines  having  the  direction  shown  are  expanding  outwards. 
Now,  if  we  place  the  outstretched  right  hand  along  the  conductor, 
so  that  the  thumb  points  in  the  direction  of  the  lines  of  induction, 
and  so  that  their  radial  direction  of  expansion  passes  outwards 
across  or  through  the  hand  from  the  palm  to  the  back,  i.e.  with 
the  palm  facing  inwards  towards  the  centre,  it  will  be  found  that 
the  direction  of  the  self-induced  E.M.F.,  being  by  the  rule  of 
p.  47  from  the  wrist  to  the  finger-tips,  is  opposed  to  the  direction 
of  the  current,  and  therefore  resists  the  increase  of  its  strength. 
If,  however,  the  strength  of  the  current  is  decreasing,  and  the 
circular  lines  are  therefore  contracting  inwards,  the  palm  of  the 
hand  must  face  outwards,  and  the  self-induced  E.M.F.  is  in  the 
direction  of  the  current,  and  tends  to  keep  up  its  strength. 
Again,  therefore,  the  self-induced  E.M.F.  resists  the  change  in 
the  current  by  which  it  is  itself  produced,  and  this  is  in  fact  the 
universal  law  which  governs  its  nature. 

Consider  the  case  of  a  loop  of  wire  (fig.  30)  which  is  rapidly 
pushed  up  to  the  pole  of  a  magnet  from  some  position  outside  its 
field  ;  by  the  cutting  of  the  lines  of  the  external  field  an  E.M.F. 
is  set  up  in  the  direction  of  the  arrow  on  the  loop  :  this  increases 
in  strength,  since  more  and  more  lines  are  cut  as  it  moves 
through  the  denser  field  near  to  the  pole.  Under  the  action  of 
the  E.M.F.  in  the  closed  loop  a  current  begins  to  flow ;  but  as 
soon  as  this  current  begins,  lines  of  induction  due  to  it  spread 
outwards  from  the  conductor,  and  form  loops  linked  with  or  pass- 
ing through  the  loop  of  the  electrical  circuit.     A  second  field  is 
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thus  superposed  on  the  first,  and  the  direction  of  the  lines  of  this 
second  field  as  they  pass  through  the  loop  is  exactly  opposite  to 
that  of  the  first :  this  is  roughly  indicated  in  the  diagram  by  the 
dotted  lines  running  counter  to 
the  full  lines  of  the  original  field. 
It  follows  that  the  rising  current 
tends  to  crowd  the  loop  full  of 
lines    opposite    in    direction  to 


those  of  the  external  field,  or,  in 
other  words,  it  tends  to  reduce  the 
field  strength  through  the  loop, 
just  at  the  time  when  it  is  being 
increased  by  the  motion.  Con- 
sequently the  rise  of  current  in  p,g.  30,  * 
the  loop  is  not  so  rapid  as  it 

would  be  if  the  current  had  itself  no  magnetic  effect,  or  we  may  say 
that  the  current  by  reason  of  the  magnetic  qualities  of  its  circuit 
reacts  on  the  field  strength.  At  any  moment  the  resultant  field  in 
which  the  loop  is  moving  has  a  certain  value  and  distribution,  and 
the  rate  at  which  the  lines  of  this  field  are  cutting  the  conductor  loop 
gives  the  E.M.F.  to  which  the  current  strength  at  that  moment  is 
proportional ;  but  this  actual  field  may  also  and  more  conveniently 
be  resolved  into  two — the  original  field,  and  the  current's  own  field, 
the  effect  of  the  two  being  considered  separately.  At  any  instant 
the  lines  induced  by  the  current  on  itself  are  increasing  at  a  certain 
rate  or  being  thrown  off  round  the  loop  and  cutting  it,  but  the 
effect  of  this  opposes  the  effect  due  to  the  cutting  of  the  external 
field.  If  we  place  the  right  hand  along  the  conductor  on  the 
inside  of  the  loop,  it  is  the  direction  of  the  two  sets  of  lines  which 
is  different ;  if  we  place  it  on  the  outside,  it  is  the  direction  of 
movement  of  the  lines  which  is  different.  Hence  the  movement 
of  the  second  field,  due  to  the  fact  that  the  current  is  rising,  induces 
a  counter  or  back  E.M.F.  opposed  to  the  rising  current,  just  as 
was  previously  the  case  with  the  simple  straight  conductor  ;  but 
now  further  in  this  case  where  the  change  in  the  current  strength 
is  due  to  change  in  the  E.M.F.  induced  by  movement  through  the 
external  field,  the  latter  as  it  rises  in  value  is  continually  opposed 
by  a  counter  E.M.F.  of  its  own  creating,  and  the  current  cannot 
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rise  in  strength  as  rapidly  as  the  E.M.F.  imposed  by  the  external 
field  rises. 

If  the  movement  of  the  loop  is  suddenly  reversed,  and  it  is 
made  to  recede  from  the  magnet,  the  direction  of  the  E.M.F.  will 
be  reversed,  and  so  also  eventually  will  the  current.  But  not  at 
once  ;  the  lines  of  its  own  field  have  to  collapse  upon  the  wire,  to 
be  succeeded  by  fresh  lines  passing  in  the  reverse  direction  through 
the  loop.  The  collapse  of  the  former  lines  inwards  and  the  expan- 
sion outwards  of  the  new  lines  both  cause  a  self-induced  E.M.F. 
in  the  same  direction  as  that  in  which  the  current  was  flowing : 
this  for  a  time  tends  to  counterbalance  the  new  E.M.F.  impressed 
on  the  loop  by  the  external  field,  and  hence  the  current  only 
gradually  sinks  to  zero  and  finally  becomes  reversed  in  direction. 

From  the  universal  law  that  the  self-induced  E.M.F.  always 
opposes  the  change  in  the  current  strength  of  which  it  is  itself  the 
effect,  the  real  nature  of  self-induction  opens  out  before  us.  It  is 
a  certain  property  attaching  to  a  circuit  or  to  a  conductor  regarded 
as  forming  a  possible  part  of  a  circuit  in  virtue  of  which  no  change 
in  the  current  flowing  through  it  can  be  instantaneously  produced. 
If  a  steady  electromotive  force  of  e  volts  be  applied  to  the  ends  of 
a  conductor  of  resistance  r,  the  current  does  not  instantaneously 

rise  to  its  full  value,  as  given  by  Ohm's  law,  viz.  cs=- ;  it  takes 

time  for  it  to  reach  this  value,  since  at  the  very  moment  when  a 
current  starts  to  flow,  it  calls  into  existence  a  back  or  opposing 
E.M.F.  dependent  on  its  own  rate  of  increase,  and  this  checks 
the  rise  of  the  current.  Similarly  if  the  E.M.F.  be  instantaneously 
removed,  the  current  shrinks  to  zero,  not  instantaneously,  but  by  a 
gradual  decrease  of  strength.  The  reason  must  be  sought  in  the 
fact  that  the  current  is  indissolubly  connected  with  the  presence 
of  a  magnetic  field  due  to  it,  and  when  the  current  is  started,  or 
stopped,  or  altered  in  value,  this  field  has  also  to  be  created, 
destroyed,  or  altered  The  analogy  of  the  electrical  property 
of  'self-induction'  to  the  mechanical  property  of  'inertia'  at 
once  strikes  us  ;  in  virtue  of  the  inertia  which  attaches  to  any 
mass  of  matter,  a  definite  velocity  cannot  be  given  to  it  in- 
stantaneously,  or  destroyed  instantaneously,  nor  can  it  be  instan- 
taneously altered  to  another  value  ;  a  fact  which  is  most  familiat 
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to  us  in  the  case  of  the  starting  from  rest,  or  stopping,  or  altering 
the  speed  of,  a  heavy  body  such  as  a  flywheel.  When,  however, 
we  apply  the  term  electro-magnetic  inertia  to  the  property  of  self- 
induction,  it  must  be  clearly  understood  that  the  current  itself  has 
no  quality  analogous  to  inertia ;  it  is  only  to  the  current  as  pro- 
ducing a  magnetic  field  that  the  property  attaches.  For  with  the 
same  current  flowing  round  a  circuit,  the  self-induction  can 
be  altered  very  greatly  by  any  change  which  aflects  the  magnetic 
field  surrounding  the  circuit ;  and  it  is  therefore  a  truer  view  to 
regard  every  circuit,  or  portion  of  a  circuit,  as  possessing  a  definite 
property  other  than  its  electrical  resistance,  but  which  in  con- 
junction with  its  electrical  resistance  determines  the  strength  of 
current  flowing  through  it  at  any  instant  under  any  E.M.F. ;  and 
this  quality  of  the  circuit  is  briefly  called  its  '  inductance,'  since 
upon  it  depends  the  E.M.F.  of  self-induction.  Obviously  the 
inductance  of  a  circuit,  or  portion  of  a  circuit,  will  be  dependent 
on  the  magnetic  conditions  which  determine  the  number  of  lines 
of  induction  connected  with  it,  when  a  given  current  is  flow- 
ing, and  hence  is  governed,  not  only  by  the  geometrical  form  or 
shape  of  the  conducting  path,  but  more  especially  by  the  presence 
of  iron  within  or  near  it. 

Two  simple  cases  will,  however,  serve  to  indicate  the  nature  ot 
the  property  which  we  call  *  inductance,'  and  for  this  purpose  let 
us  first  consider  a  single  loop  of  wire  surrounded  by  air,  such  as 
fig.  9,  in  which  case  the  lines  of  induction  due  to  a  current  round 
it  traverse  a  medium  of  constant  permeability.  As  we  have  seen, 
they  all  pass  through  the  loop,  and  are  linked  or  looped  with 
the  electrical  circuit  once,  so  that  when  the  E.M.F.  causing  the 
current  is  removed  from  the  loop,  and  the  current  is  diminished 
to  zero,  each  line  vanishes  into  the  wire,  cutting  it  once ;  and 
this  process  takes  place  with  a  certain  time-rate  of  disappearance, 
depending  on  the  rapidity  of  the  change  in  the  current.  The 
inductance  of  such  a  loop  is  equal  to  the  number  of  linkages 
of  lines  with  the  wire  when  unit  current  is  flowing  round  the 
loop  ;  so  that  if  z  =  the  total  induction  through  the  loop  when 
I  =  the  strength  of  current  in  it,  the  *  inductance  *  of  the  loop 

is  L=-.;  and  this  quantity  is  so  related  to  any  change  of  current 

o 
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strength  that  if  the  latter  be  varied,  and  the  rate  of  change  be 

symboUsed  by  -j',  the  E.M.F.  of  self-induction  is  tf,=  —  l  -i,  the 
at  at 

minus  sign  signifying  that  if  the  strength  of  current  be  increased, 
the  direction  of  the  self-induced  E.M.F.  is  negative  or  opposed  to 
its  increase. 

Next  let  us  place  several  such  loops  side  by  side,  so  as  to 
form  a  helix  or  solenoid,  as  in  fig.  31.    Again,  we  know  that  the 
lines  of  induction  pass  in  the  main  right 
.  ^  -  -^  -  •  ^  ^  through  the  coil ;  but  this  is  not  true  of 

all  the  lines,  since  some  leak  out  at  the 
sides  of  the  solenoid,  and  so  only  pass 
through  a  few  of  the  loops.  In  a 
solenoid,  therefore,  a  line  may  be  linked 
more  than  once  with  the  conducting 
circuit,  and  the  greater  number  are 
linked  with  or  thread  through  all  the 
loops  of  the  solenoid.  In  the  diagram, 
where  batches  of  lines  are  indicated 
by  single  dotted  curves,  100  lines  are 
linked  with  all  four  loops,  and  50  with 
two  loops,  so  that  the  total  number  of  linkages  is  (4x100) 
+  (50x2)= 500;  if  the  current  ceases  to  flow,  each  of  the  100 
lines  vanishing  by  contraction  cuts  through  the  electrical  circuit 
four  times,  and  each  of  the  fifty  lines  cuts  through  two  loops ; 
consequentiy  the  effect  of  such  alteration  must  depend  upon  the 
number  of  times  that  the  lines  are  linked  with  the  wire,  and  not 
merely  upon  the  total  number  of  lines  of  induction.  If  x=the 
number  of  such  linkages  when  unit  current  is  flowing,  the  induct- 
ance of  the  solenoid  of  many  loops  is  l=?,   and    again    the 

E.M.F.  of  self-induction  is— L~.     If  l  is  in  C.G.S.  measure,  e, 

at 

is  given  in  absolute  units  of  E.M.F.;  but  if  l  is  in  practical  units 

of  inductance  (for  which  the   name  *  henry  '  has  been  lately 

proposed,   in   honour  of  the  American  scientist.   Prof.  Joseph 

Henry),  e,  is  given  in  volts  when  i  is  reckoned  in  ampires,  the 

practical  unit  of  the  henry  being  10*  times  the  absolute  unit. 
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But  now  if  we  insert  an  iron  core  into  the  solenoid,  or  in  any 
way  modify  the  case  by  the  presence  of  iron  near  the  solenoid, 
the  inductance  is  no  longer  a  constant  quantity,  but  varies  with 
the  strength  of  current  under  consideration,  and  the  variations  in 
its  valueis  can  only  be  adequately  represented  by  some  graphical 
method.  More  than  this,  tibe  term  *  inductance,'  when  applied  to 
circuits  embracing  iron  or  other  magnetic  media,  admits  of  more 
than  one  definition,  and  these  result  in  different  values  under  the 
same  circumstances.  In  dynamo-electric  machines  iron  is  almost 
invariably  present,  and  in  consequence  the  inductance  of  circuits 
forming  part  of  them  is  often  a  subject  of  no  little  intricacy.  Yet 
even  in  such  cases  it  often  suffices  as  a  first  approximation  to 
consider  l  as  the  ratio  between  the  E.M.F.  of  self-induction  and 
the  time-rate  of  change  in  the  current  strength  which  produces  it, 
and  further  as  being  a  constant  quantity.* 

It  is  evident  from  a  consideration  of  the  case  of  an  increasing 
current  which  is  directly  opposed  by  the  self-induced  E.M.F.  that 
the  latter  cannot  be  the  cause  of  the  flow ;  there  must  be  another 
KM.F.  in  the  same  direction  as  the  current,  which  is  greater  than 
the  back  KM.F. ;  further,  that  the  actual  E.M.F.  causing  the  flow 
of  current  is  the  difference  between  the  two.  We  must  therefore, 
in  cases  where  the  current  is  altering  in  value,  distinguish  care- 
fully between  (i)  the  impressed  E.M.F. ;  (2)  the  E.M.F.  of  self- 
induction  ;  and  (3)  the  resultant  E.M.F.,  which  immediately  causes 
the  flow  of  current,  and  the  value  of  which  at  any  moment  is  equal 
to  the  algebraic  sum  of  the  values  of  the  other  two.  In  any  con- 
ductor forming  part  of  a  closed  circuit  and  conveying  a  current 
there  must  be  a  certain  E.M.F.  *  impressed '  upon  it,  and  to  which 
the  current  through  it  is  ultimately  due ;  this  impressed  E.M.F. 
may  be  a  difference  of  potential  applied  to  it  from  without,  or 
existing  within  its  own  limits,  as  in  a  battery  ;  or,  again,  it  may  be 
an  E.M.F.  generated  in  it  by  movement  relatively  to  a  magnetic 
field,  as  in  the  loop  of  fig.  30,  in  discussing  which  we  have  already 
distinguished  between  the  E.M.F.  impressed  on  it  by  its  move- 

*  For  further  treatment  of  the  subject  the  reader  may  be  referred  to  Tlte 
Alternate  Current  Transformer  (Fleming),  Chapters  II.  and  III.  ;  also  to  a 
paper,  <  Inductance  and  its  proposed  Unit,  the  Henry '  (Kenelly),  reprinted  in 
the  Electrical  Enjineer,  January  2  and  9,  189 1. 
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ment  through  the  external  field  and  the  E.M.F.  of  self-induction. 
The  general  law  by  which  the  three  E.M.F.*s  are  related  is  that  if 
^4= the  impressed  E.M.F.  at  any  moment,  and  tf,=the  self-induced 
E.M.F.  at  the  same  moment,  the  resultant  E.M.F.  to  which  the 
current  is  then  proportional  is 

the  proper  algebraic  sign  depending  on  the  question  whether  the 
current  is  increasing  or  decreasing  in  strength.  At  any  instant, 
and  under  all  circumstances,  the  current  flowing  in  any  conductor 

is  ^  =  £.,  as  given  by  Ohm's  law  ;  but  it  is  only  when  the  current  is 

constant  in  direction  and  value,  and  therefore  e^  =o,  that  ^  —  ^^  and 

therefore  ^=— . 

R 

Take  the  case  of  a  steady  E.M.F.  such  as  that  of  a  battery 
impressed  on  a  simple  electrical  circuit  of  resistance  r  which 
contains  no  other  source  of  impressed  E.M.F.  As  soon  as  the 
circuit  is  made,  a  current  begins  to  grow,  evoking  a  back  E.M.F. 
opposed  to  its  growth ;  hence  e=ei—e„  or  ei=ei-e^ 

Now  to  what  does  this  division  of  the  impressed  E.M.F.  into 
two  portions  correspond  ?  The  answer  is  that  two  different  kinds 
of  work  are  being  done.  In  the  case  of  a  motor  to  the  armature  of 
which  electrical  energy  is  being  supplied  at  the  rate  of  eg  watts, 
the  impressed  E.M.F.  is  divisible  into  two  portions,  the  one 
equal  to  the  E.M.F.  which  is  required  to  drive  the  current  through 
the  resistance  R^,  i.e.  equal  to  cr^,  and  the  other  equal  to  the  back 
E.M.F.  e  developed  by  the  motor,  or  e  =CRa+e  :  the  work  done 
is  similarly  divisible  into  two  portions,  one  corresponding  to 
c^Ra,  which  appears  as  heat,  and  the  other  corresponding  to  ec, 
which  appears  as  mechanical  work  done  in  turning  the  motor 
against  the  resistance  of  its  load.  In  exactly  the  same  way,  the 
rate  of  expenditure  of  energy  when  an  impressed  E.M.F.  causes  a 
current  whose  strength  is  varying  to  flow  in  a  circuit  of  resistance  r 
may  be  divided  into  two  portions ;  the  one  corresponding  to 
the  rate  at  which  energy  is  being  dissipated  in  the  circuit  in  the 
form  of  heat,  and  the  other  to  the  rate  at  w^hich  energy  is  being 
stored  up  in  the  magnetic  field.     If  tf„  e„  and  c  be  the  values  at 
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any  one  and  the  same  moment  of  the  impressed  E.M.F.,  self- 
induced  E.M.F.,  and  the  actual  current  then  flowing,  the  one 
portion  is  equal  to  r 'r,  the  other  to  ce,^  but  the  total  rate  of  expen- 
diture of  energy  is  ce^ ;  consequently  when  the  field  is  being  created 

whence  e^^^e+e,. 

The  creation  of  a  magnetic  field,  therefore,  demands  energy 
which  is  absorbed  in  the  process  ;  but  when  once  the  field  is 
established,  i.e.  when  a  steady  current  is  set  up,  no  further  expen- 
diture of  energy  is  required  to  maintain  it.  That  a  certain 
amount  of  energy  is  in  reality  absorbed  in  the  creation  of  the 
magnetic  field  round  the  conductor  is  evident  from  the  fact  that, 
although  so  absorbed,  it  is  not  irrecoverable,  but  is  as  it  were 
stored  up  and  can  be  liberated.  For  suppose  Ci  to  be  instan- 
taneously withdrawn  ;  then  the  self-induced  E.M.F.  tends  to  keep 
the  current  flowing,  and  does  actually  do  so,  since  the  current  only 
falls  to  zero  after  a  certain  period  of  time.  During  this  time  work  is 
being  done  in  the  circuit,  the  energy  stored  up  in  the  magnetic  field 
reappearing  as  heat,  e,g.  in  the  spark  which  occurs  when  the  circuit 
is  opened.  The  same  is  true  if  the  impressed  E.M.F.  is  gradually 
withdrawn,  for  the  current  falls  less  rapidly  than  the  impressed 
E.M.F.  ;  and  in  general,  when  the  magnetic  field  is  being  de- 
stroyed tf|S=tf — *,.  The  analogy  of  a  flywheel  revolving  between  bear- 
ings is  exact ;  when  being  started,  work  has  to  be  done  upon  it,  which 
is  greater  than  the  work  absorbed  by  friction  by  the  amount  which 
is  required  to  impart  a  certain  angular  velocity  to  it.  When  once 
its  speed  has  been  got  up,  and  is  kept  constant,  all  the  work  done 
is  spent  in  overcoming  its  frictional  resistance ;  but  when  the  turning 
force  is  withdrawn,  the  kinetic  energy  possessed  by  the  wheel  keeps 
it  rotating  until  it  is  itself  absorbed  by  the  friction,  and  during  this 
period  work  is  done  by  the  wheel  against  its  frictional  resistance. 

In  the  above  case  of  a  simple  circuit  to  which  an  E.M.F.  is 
applied,  it  is  easy  to  see  that  energy  is  stored  up  when  a  magnetic 
field  is  created,  and,  since  the  strength  of  the  latter  depends  on  the 
magnetic  qualities  of  the  circuit,  that  the  inductance  is  a  property 
belonging  to  the  circuit  or  the  conductor  to  the  ends  of  which  a 
difference  of  potential  is  applied.  But  in  the  case  of  a  conductor  in 
which  an  E.M.F.  is  generated  by  movement  through  a  magnetic  field 
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such  as  the  loop  of  fig.  30,  the  magnetic  effect  of  the  current  shows 
itself  by  modifying  or  reading  on  the  external  field,  and  such  ex- 
pressions as  the  inductance  of  the  loop  and  the  eneigy  stored  up 
in  its  field  are  only  legitimate  owing  to  a  mental  separation  of  the 
actually  existing  field  into  two  component  parts.  It  is  not  that 
the  loop  first  reacts  on  the  field,  and  then  cuts  the  resultant 
field  by  its  own  movement ;  the  resultant  field  moves  relatively 
to  the  conductor,  partly  by  reason  of  the  latter's  own  movement, 
and  partly  by  reason  of  change  in  its  own  current,  which  affects 
the  strength  and  distribution  of  the  actual  field  ;  to  this  move- 
ment of  the  resultant  field  relatively  to  the  conductor  the  resultant 
E.M.F.  is  due ;  and  if  we  were  to  consider  this  resultant  field,  we 
must  not  also  credit  the  loop  with  self-induction  or  inductance  :  it 
must  then  be  considered  as  a  circuit  possessing  only  resistance. 
It  is,  however,  simpler  at  the  outset  to  treat  the  conductor  as 
possessing  inductance,  and  so  to  deal  with  the  external  field 
unmodified  by  reaction  of  the  current  on  it. 

Two  different  causes  have  now  been  considered,  either  of  which 
may  cause  a  variation  in  the  strength  of  the  resultant  E.M.F.  acting 
on  a  conductor ;  if  e^  is  steady  and  constant,  the  circuit  may  be 
made,  altered  in  resistance,  or  broken;  that  is,  the  resistance  of  the 
circuit  may  be  varied  within  the  limiting  values  r  and  00 ;  or 
while  R  remains  constant,  ti  may  itself  be  varied  in  direction  or 
value,  or  both.  The  first  case  deals  with  the  growth  and  decline 
of  current  in  a  circuit  to  which  a  steady  E.M.F.  is  applied.  The 
second  case  is  the  one  with  which  we  are  chiefly  concerned  in  the 
study  of  dynamos,  for  upon  it  depends  the  theory  of  alternators. 
As  before,  t^  always  opposes  a  rising  current  and  assists  a  falling 
current;  but  now,  as  distinct  from  the  former  case,  we  have  also  to 
consider  its  relation  to  the  varying  e^.  Reverting  to  the  rotating 
inductor  of  fig.  24,  it  was  shown  that  the  impressed  E.M.F.  varied 
not  only  in  direction  but  also  in  value  according  to  a  certain 
function  of  the  time,  and  these  variations  were  graphically  repre- 
sented by  a  single- valued  curve  which  during  one  complete  period 
gradually  rose  from  zero  to  a  positive  maximum,  then  as  gradually 
fell  to  zero,  and  lastly  repeated  both  rise  and  fall  on  the  negative 
side  of  the  zero  line.  Now  if  the  circuit  of  an  alternator  formed 
out  of  one  or  more  such  rotating  inductors  is  closed,  as  in  fig.  41, 
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and  a  current  is  allowed  to  flow,  how  will  the  current  yary  in 
strength?  If  the  circuit  have  no  inductance,  but  be  composed 
entirely  of  a  certain  ohmic  resistance,  there  will  be  no  self-induced 
E.M.F.,  and  consequently  the  current  will  alternate  not  only  after 
the  same  law  as  the  impressed  E.M.F.,  but  exactly  simultaneously 
with  it ;  its  value  at  any  moment  will  be  given  by  dividing  the 
impressed  E.M.F.  at  that  moment  by  the  resistance  of  the  circuit, 
so  that  the  curve  which  represents  to  one  scale  the  varying  im- 
pressed E.M.F.  will  also  represent  to  some  scale  the  variations  of 
the  current  But  such  a  case  of  a  circuit  with  no  inductance  is  only 
possible  theoretically ;  physically  it  will  always  have  some  induct- 
ance, although  it  may  be  so  small  as  to  be  negligible.    We  have 
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Fig.  33. 

therefore  to  consider  the  effect  of  self-induction  on  the  current 
curve  ;  and  since  this  latter  will  always  be  identical  in  shape  and 
law  with  the  resultant  E.M.F.  curve,  we  require  to  compare 
together  the  curves  of  impressed  E.M.F.  and  of  resultant  E.M.F., 
and  until  we  have  done  so  we  cannot  assume  that  they  will  be 
identical ;  they  may  not  be  coincident  in  phase,  their  maximum 
values  or  heights  may  not  be  alike,  or  they  may  even  be  dissimilar 
in  shape.  The  necessity  of  this  caution  will  be  apparent  from  the 
following  considerations. 

In  fig.  32  let  o  p  M  o'  be  any  single-valued  curve  ;  in  this  curve 
take  any  point,  p,  and  through  p  draw  a  line  p  t  tangential  to  the 
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curve  and  making  an  angle  a  with  the  horizontal  axis  o  o'.  Then 
it  can  be  shown  mathematically  that  the  rate  at  which  the  ordinate 
Q  p  is  increasing  or  decreasing  with  respect  to  o  Q  is  represented 
by  the  trigonometrical  tangent  of  the  angle  of  inclination  a;  or,  as 
it  is  termed,  the  *  slope '  of  the  tangent  at  the  point  t»  represents 
the  rate  of  change  ot  Q  p.  Let  us  now  plot  a  second  curve,  op  m  <?', 
whose  ordinates  at  any  point  represent  the  slope  of  the  tangent  at 
the  corresponding  points  on  the  first  curve,  the  horizontal  axis 


/ 

ir^ 

\ 

r 

/ 

\ 

«♦ 

J 

1 

V 

Q 

f 

\ 

rwff 

/ 

/ 

J 

\ 

/ 

tun 

oft 

veGMAu^e 

V 

/ 

r — 

+ 

r* 

\ 

SlJ^ 

/ 

6 

**«,. 

,, 

..- 

— 

►— . 

nmt 

"-.^ 

— 

^.--- 

-^ 

^ 

V^'' 

9tf    mT  is^   mf  2io'  i4o'  279'  doo'  zao'  Md 

Fig.  33. 

being  retained  unchanged ;  then  the  ordinates  of  the  second  or 
derived  curve  so  obtained  will  represent  the  rate  of  change  of  the 
ordinates  of  the  first  curve  at  the  same  points  along  the  horizontal 
axis. 

Now  we  may  reasonably  assume  that  the  current  curve  of  an 
alternator  will  alternate,  and  rise  and  fall  somewhat  after  the  same 
fashion  as  the  impressed  E.M.F.  curve.  Let  us  suppose,  therefore, 
that  in  fig.  33  the  thick  line  is  the  curve  representing  graphically 
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the  strength  of  current  of  an  alternator  for  a  complete  period,  time 
being  represented  by  abscissae  measured  from  the  origin  o  on  the 
left-hand  side  of  the  diagram.  This  curve  need  not  be  symmetrical 
or  expressible  by  a  simple  mathematical  function,  the  sole  assump- 
tion being  that  it  is  single- valued  and  divisible  into  two  half-periods, 
during  which  it  is  in  opposite  directions  From  this  curve  can  be 
obtained  a  second  derived  curve  (shown  by  a  dotted  line  below), 
the  values  of  which  represent  to  some  scale  the  slope  of  the 
tangents  to  the  first  curve ;  the  two  curves  of  fig.  33  will  therefore 
represent  respectively  the  strength  of  the  current  at  any  instant 
and  the  rate  of  variation  of  its  strength  at  any  instant  It  should 
be  noticed  how  greatly  the  two  derived  curves  of  figs.  32  and  33 
differ  from  each  other  in  shape  and  character,  although  the  two 
original  curves  both  show  a  wave-Hke  form  ;  this  difference  is  due 
to  the  fact  that  their  rates  of  change  are  different  at  different  points 
of  time,  an  almost  imperceptible  difference  in  the  shape  of  the  two 
originals  completely  altering  the  shape  of  the  derived  curves. 
Further,  in  fig.  32  the  original  curve  is  a  sine  curve,  and  therefore 
symmetrical,  whereas  in  fig.  33  the  two  sides  of  each  half-wave 
are  not  identical,  the  fall  being  shown  more  gradual  than  the  rise. 
Since  the  original  curve  of  fig.  32  is  a  sine  curve,  it  follows  from 
its  mathematical  nature  that  its  derived  curve  is  also  a  simple 
periodic  curve  exactly  analogous  to  its  original,  and,  further,  a  sine 
curve  whose  phase  precedes  the  phase  of  the  original  curve  by  90®. 
As  the  point  p  in  fig.  32  is  moved  away  from  the  origin  up  the 
curve,  the  angle  a  gradually  diminishes  in  value ;  at  the  top  of  the 
curve,  a  =  o  and  tan  a  =  o;  therefore  the  rate  of  change  of  the 
ordinate  is  zero ;  but  as  the  point  p  descends  to  the  zero  line,  tan 
a  increases  until  the  rate  of  change  reaches  a  maximum  at  o  or  m. 
The  crests  and  hollows  therefore  of  the  derived  dotted  curve  do 
not  occur  at  the  same  moment  as  those  of  the  original  curve,  since 
the  higher  the  ordinate  Q  p,  the  less  is  its  rate  of  variation,  but  are 
shifted  forwards  (towards  the  left)  by  one  quarter  of  a  complete 
period,  or  90**.  Something  of  the  same  nature  is  seen  in  the  derived 
curve  of  fig.  33,  but  a  comparison  of  the  two  curves  will  show  that 
the  maximum  ordinate  of  the  dotted  or  derived  curve  does  not 
exactly  correspond  in  point  of  time  to  the  zero  of  the  original,  and 
that  there  may  be  several  crests  and  hollows  in  the  half-period  of 
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the  derived  curve,  even  though  the  original  curve  only  shows  one, 
since  the  rate  of  rise  or  fall  of  the  latter  need  not  vary  after  any 
simple  law. 

Now  the  varying  current  produces  a  flow  of  magnetic  lines  of 
induction  looped  or  interlinked  with  its  conductors,  and  this  flow 
also  varies  in  intensity ;  for  upon  the  strength  of  the  current 
depends  the  number  of  lines  of  induction  due  to  itself,  through 
the  same  magnetic  circuit,  and  also  the  magnetic  circuit  presented 
to  the  loops  of  current  may  itself  be  varying  at  any  instant  in 
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length  or  nature.  Consequently,  analogous  to  the  two  curves  of 
current  and  rate  of  change  of  current  there  must  be  two  other 
curves  ;  the  one  representing  the  number  of  lines  induced  by  the 
current  itself  through  the  magnetic  circuit,  which  is  at  any  instant 
presented  to  the  current  loops,  as  connected  with  the  time  during 
a  complete  period ;  and  the  other  representing  the  rate  of  change 
of  this  total  induction  with  respect  to  time,  and  derived  from  the 
former.  In  fig.  34  let  the  full  line  be  the  curve  of  self-induced 
lines  plotted  on  the  same  horizontal  axis  of  time  as  the  current 
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curve  of  fig.  33  ;  these  two  are  not  by  any  means  necessarily  of 
the  same  shape,  since  the  number  of  self-induced  lines  may  not 
vary  directly  as  the  current  under  all  circumsjtances,  nor  need  the 
phase  of  the  current  curve  and  induction  curve  be  the  same  ;  there 
may  be  a  lag  of  magnetisation  behind  the  magnetising  current  in 
respect  of  time,  and,  as  will  be  shown  hereafter,  where  a  portion  or 
the  whole  of  the  magnetic  circuit  through  which  the  self-induced 
lines  pass  is  composed  of  iron,  there  must  be  such  a  lag,  although 
it  may  be  very  slight  Hence  in  fig.  34  the  curve  of  lines  is  shown 
passing  through  zero  at  an  instant  slightly  later  than  that  at  which 
the  current  curve  passes  through  zero.  From  the  curve  of  self- 
induced  lines  we  can  derive  the  second  dotted  curve  of  fig.  34 
representing  to  some  scale  the  rate  of  change  in  the  number  of 
self-induced  lines  at  any  moment ;  and  this,  as  we  know,  may  be 
unsymmetrical  if  the  original  curve  is  unsymmetrical      This 

second  curve  represents  at  any  instant  ~^',  where  z^  is  the  total 

at 

number  of  self-induced  lines ;  but  the  E.M.F.  of  self-induction  is 
proportional  to  —  ^',  the  negative  sign  indicating  that  if  z^  is  in- 
creasing by  reason  of  an  increasing  magnetising  current,  the£.M.F.  of 
self-induction  is  negative  and  acting  to  oppose  the  increase  of  the 
current  If,  therefore,  we  invert  the  derived  curve  of  fig.  34,  it 
will  also  represent  to  some  scale  the  E.M.F.  of  self-induction  at 
any  instant,  and  at  the  same  time  indicate  the  direction  of  this 
E.M.F.  When  the  number  of  self-induced  lines  is  increasing  in 
the  positive  direction,  or  decreasing  in  the  negative  direction,  the 
E.M.F.  is  negative  or  in  a  direction  opposing  a  positive  current ; 
and  when  they  are  decreasing  in  the  positive  direction,  or  increas- 
ing in  the  negative  direction,  the  self-induced  E.M.F.  will  be  in 
the  positive  direction.  Hence,  if  the  curve  of  lines  shows,  as  in 
%•  34)  &  continuous  increase  of  lines,  and  then  a  continuous 
decrease  of  lines,  although  the  rate  of  this  increase  or  decrease  may 
be  very  different  at  different  points,  the  curve  of  self-induced 
E.M.F.  will  pass  through  zero  when  the  total  number  of  self-induced 
lines  is  a  maximum,  and  for  a  whole  period  will  be  divisible  into 
two  portions,  below  and  above  the  horizontal  axis. 

In  fig.  35  let  the  dotted  curve  e,  be  the  dotted  curve  of 
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fig.  34  when  inverted,  being,  therefore,  to  some  scale  the  curve  of  the 
self-induced  E.M.F.  in  volts,  and  upon  the  same  horizontal  axis 
of  time  let  us  reproduce  by  the  thick  line  (e)  the  current  curve  of 
fig-  33-  It  will  be  seen  that,  roughly  speaking,  the  phase  of  the 
self-induced  E.M.F.  lags  90**  behind  the  phase  of  the  current,  but 
owing  to  the  slight  lag  of  the  induction  behind  the  magnetising 
current,  the  curve  of  self-induced  E.M.F.  does  not  reach  its 
maximum  until  after  the  current  curve  has  passed  through  its  zero. 
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Fig.  35. 

When  the  current  is  rising  in  the  positive  direction  or  descending 
in  the  negative  direction,  the  self-induced  E.M.F.  is  negative  in 
direction,  so  as  in  both  cases  to  oppose  the  change  of  the  current 
strength.  But  the  thick-line  current  curve  will  also  represent  the 
curve  of  resultant  E.M.F.  provided  that  the  scales  be  so  chosen 
that  the  same  height  represents  indifferently  either  one  ampfere  or 
one  ampfere  multiplied  by  the  resistance  of  the  circuit  or  portion 
of  the  circuit  under  consideration.  In  fig.  35  this  is  supposed  to 
be  the  case,  so  that  the  volts  of  resultant  E.M.F.  can  be  read  off 
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the  curve  e.  We  are  now,  therefore,  in  a  position  to  deduce  the 
curve  of  the  impressed  E.M.F.,  which  must  have  acted  on  the 
portion  of  the  circuit  under  consideration  in  order  that  with  the 
assumed  conditions  the  curve  of  resultant  E.M.F.  should  have  the 
shape  shown  in  the  diagram.  Since  we  have  obtained  curves 
which  determine  for  us  the  signs  at  any  moment  of  e  and  e„  we 
can  write  our  equation  of  p.  84  as  ei=ze-e„  and  have  only  to 
subtract  the  ordinates  of  the  self-induced  E.M.F.  curve  from  the 
ordinates  at  the  same  points  of  the  resultant  E.M.F.  curve  and 
plot  their  difference  as  a  third  curve,  due  regard  being  paid  to  the 
algebraic  sign  of  the  ordinates  ;  the  third  thin-line  curve  so 
obtained  (E|)  will  be  the  required  curve  of  impressed  E.M.F.  in 
volts.  Or  if  we  had  been  given  the  curves  of  e,  and  e^  we  could 
have  deduced  the  curve  of  e.  Two  striking  facts  now  come  to 
light :  the  first  is  that  the  result  of  combining  the  curve  of  self- 
induced  E.M.F.  with  the  impressed  E.M.F.  cun^e  may  very 
materially  modify  the  shape  and  form  of  the  resultant  E.M.F. 
curve  as  compared  with  the  latter ;  for  example,  the  curve  of 
impressed  E.M.F.  shown  in  iig.  35,  and  deduced  logically  from 
the  previous  curves,  is  strictly  a  sine  curve,  yet  the  curve  of  resul- 
tant E.M.F.  is  not  a  sine  curve,  and  is  not  even  symmetrical  on 
its  ascending  and  descending  sides.  Secondly,  while  the  self- 
induced  E.M.F.  always  opposes  a  rising  tf^,  it  does  not  always 
assist  a  falling  ^,,  From  this,  two  important  consequences  follow  : 
(i)  Since  the  self-induced  E.M.F.  does  not  always  assist  a  falling 
^j,  but  does  always  assist  a  falling  current  or  falling  resultant 
E.M.F.,  the  curve  of  resultant  E.M.F.  cannot  coincide  in  phase 
with  the  impressed  E.M.F.  curve,  but,  on  the  contrary,  the 
current  curve  lags  behind  the  curve  of  impressed  E.M.F.  by  a 
certain  time  or  angle  depending  on  the  inductance  of  the  circuit. 
(2)  So  long  as  the  self-induced  lines  continue  to  rise,  however 
slowly,  there  is  some  self-induced  E.M.F.  opposing  the  impressed 
E.M.F.  'j  but  at  the  instant  when  they  are  at  their  maximum,  and 
the  self-induced  E,M.F.  is  zero,  the  curve  of  resultant  E.M.F.  cuts 
the  curve  of  impressed  E.M.F.  Where  this  point  of  intersection 
is,  entirely  depends  upon  the  curve  of  self-induced  lines,  and  this 
depends,  not  only  on  the  curve  of  magnetising  current,  but  also  on 
the  magnetic  circuit  through  which  at  any  instant  it  is  inducing 
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lines.  Hence,  if  the  curve  of  self-induced  lines  continues  to  rise 
after  the  current  curve  has  begun  to  fall,  owing  to  a  more  than 
proportionate  decrease  in  the  reluctance  of  the  magnetic  circuit, 
the  curve  of  resultant  E.M.F.  will  cut  the  impressed  E.M.F.  at  a 
point  after  it  has  reached  its  own  maximum,  as  in  fact  is  shown  in 
fig-  35*  I^j  however,  the  maximum  number  of  self-induced  lines 
coincides  in  time  with  the  maximum  strength  of  the  current,  the 
highest  value  of  the  resultant  E.M.F.  will  be  its  point  of  inter- 
section with  the  curve  of  impressed  E.M.F.  Further,  a  fixed 
magnetic  circuit  always  permits  of  an  increase  of  the  number  of 
lines  of  induction  through  it,  when  the  magnetising  current  is 
increased.  If,  therefore,  the  impressed  E.M.F.  is  never  constant, 
but  always  altering  in  value,  the  curve  of  self-induced  lines  never 
becomes  a  straight  line  (unless  the  magnetic  circuit  be  altered  so 
as  to  exactly  counterbalance  the  changing  current — ^a  rare  possi- 
bility) ;  hence  there  is  a  definite  self-induced  E.M.F.  at  the  moment 
when  the  impressed  E.M.F.  reaches  its  maximum,  and  the  point 
of  intersection  must  be  subsequent  to  the  point  of  highest  im- 
pressed E.M.F. ;  in  other  words,  e  can  never  attain  as  high  a 
value  as  e^. 

The  whole  may  easily  be  illustrated  by  the  case  of  a  flywheel 
to  which  is  applied  a  turning  force,  which  not  only  alternates  in 
the  direction  in  which  it  tends  to  turn  the  wheel,  but  also  varies 
in  value  from  zero  to  a  maximum  strength,  and  thence,  passing 
through  zero,  to  a  maximum  in  the  opposite  direction.  Suppose 
that  the  wheel  is  rotating  in  the  positive  direction,  and  the  turning 
force  changes  to  the  negative  direction;  the  wheel  cannot  instantly 
change  its  direction,  and  it  continues  to  rotate  for  some  little  time 
in  its  old  direction ;  consequently  its  speed  does  not  become  zero 
until  the  turning  force  has  acted  for  a  certain  time  in  the  negative 
direction,  and  so  for  each  change.  The  phase,  therefore,  of  the 
wheel's  velocity  would  lag  behind  the  phase  of  the  turning  force. 
Further,  since  the  turning  force  is  never  steady,  but  varies  con- 
tinuously, the  flywheel  would  never  reach  the  maximum  velocity 
corresponding  to  a  steady  turning  force  equal  in  strength  to  the 
maximum  value  of  the  alternating  force,  since  before  reaching 
such  a  velocity  the  value  of  the  turning  force  has  already  begun  to 
decrease,  and  in  just  the  same  way  the  resultant  E.M.F.  lags  behind 
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the  impressed  E.M.F.,  and  its  maximum  value  is  less  than  the 
maximum  value  of  the  impressed  E.M.F. 

As  in  the  case  of  the  loop  of  fig.  30,  so  now  we  may  regard  the 
resultant  E.M.F.  as  that  produced  by  relative  movement  between 
the  inductors  and  the  actual  field  which  exists  at  any  moment 
This  actual  field  will  be  the  field  due  to  an  external  magnetising 
current  as  modified  by  the  reaction  on  it  of  the  induced  current ; 
this  will  in  general  weaken  the  original  field  and  shift  the  position 
where  the  rate  of  cutting  is  a  maximum,  thus  accounting  for  the 
different  height  and  position  of  the  curve  of  e  as  compared  with 
the  curve  of  s^.  When  so  regarded,  the  alternator  must,  as  pointed 
out  before,  be  considered  as  inductance-less. 

It  has  been  stated  previously  in  general  terms  that  the  rate  of 
development  of  electrical  energy  throughout  an  entire  circuit  or  in 
any  portion  of  it  is  equal  to  the  product  of  the  volts  of  E.M.F. 
acting  in  it,  and  the  amperes  of  current  which  flow  through  it 
under  that  pressure.  But  now,  in  the  case  of  an  alternator  or  an 
alternating  current,  we  see  that  the  voltage  and  strength  of  current 
are  continuously  varying  after  some  periodic  law,  and  the  question 
therefore  arises,  What  number  of  volts  and  what  strength  of  current 
we  are  to  multiply  together  in  order  to  arrive  at  the  power  which 
is  being  developed.  Obviously  not  the  maximum  values  of  E.M.F. 
and  current,  since  at  another  portion  of  the  period  they  both  fall 
to  zero :  it  must  be  some  mean  value  of  the  two  which  will  fairly 
represent  their  average  magnitudes  throughout  an  entire  period. 
The  principle  on  which  this  question  is  solved  is  the  same  as  that 
which  underlies  our  first  simple  rule ;  it  must,  however,  be  now 
expressed  in  more  explicit  terms.  In  any  portion  of  a  circuit  the 
rate  of  development  of  electrical  energy  at  any  instant  is  equal  to 
the  product  of  the  current  which  is  then  flowing  in  that  portion  of 
the  circuit  and  the  E.M.F.  which  is  impressed  upon  it  at  that 
instant.  Thus,  in  fig.  36,  if  the  thick  line  represents  the  curve  of 
current  in  amperes  flowing  through  any  portion  of  a  circuit,  and 
the  thin  line  represents  the  corresponding  curve  of  E.M.F.  in  volts 
which  is  impressed  upon  that  portion,  the  rate  of  development  of 
energy  in  watts  at  any  instant,  a,  is  equal  to  the  product  of  the 
ordinates  ab^  acy  which  represent  the  impressed  volts  and  the 
amperes  flowing  at  that  instant.     By  thus  multiplying  together  a 
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number  of  simultaneous  values  of  the  impressed  E.M.F.  and 
current,  and  plotting  their  products  along  the  same  horizontal 
axis,  we  should  obtain  a  third  curve  (shown  with  a  shaded  fringe 
in  fig.  36),  representing  the  instantaneous  rate  of  development  of 
energy  in  watts  throughout  an  entire  period,  and  the  area  which 
it  encloses,  being  the  product  of  power  and  time,  represents  work 
done.  In  so  doing  we  must  pay  attention  to  the  algebraic  signs 
of  the  E.M.F.  and  current,  all  ordinates  above  the  horizontal  line 
being  reckoned  as  +  and  all  below  as  —  ;  and,  further,  if  their 
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product  be  positive,  it  must  be  plotted  above  the  horizontal  line 
as  positive  work  ;  if  negative,  below  it,  as  negative  work.  Since 
the  product  of  two  quantities,  one  +  and  the  other  — ,  is  negative, 
the  product  of  two  ordinates  is  negative  unless  both  are  either 
above  or  below  the  horizontal  line,  i.e.  positive  work  is  done  only 
when  current  and  impressed  E.M.F.  are  in  the  same  direction. 
Now,  to  what  does  this  distinction  between  positive  and  negative 
work  correspond?  Again  the  flywheel  analogy  will  help  us  : 
whenever  the  rotation  of  the  flywheel  is  in  the  same  direction  as 
that  of  the  turning  force,  the  turning  agent  is  doing  positive  work 
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on  the  wheel ;  but  whenever  the  direction  of  rotation  of  the  wheel 
is  opposite  to  that  in  which  the  turning  force  is  endeavouring  to 
rotate  it,  the  flywheel  is  doing  work  on  the  turning  agent,  or 
negative  work  is  done.  In  exactly  the  same  way,  whenever  the 
current  is  in  the  same  direction  as  the  impressed  E.M.F.,  positive 
work  is  done  by  the  impressed  E.M.F. ;  but  whenever  the  current 
is  flowing  against  the  impressed  E.M.F.,  negative  work  is  done, 
the  current  being  forced  against  the  impressed  E.M.F.  The 
possibility  of  this  is  due  to  the  fact  that  the  positive  work  of  an 
alternator  is  divisible  into  two  separate  portions  ;  one  part  is 
expended  in  heating  resistances  or  in  forcing  a  current  against  a 
back  E.M.F.  due  to  causes  external  to  itself,  as  in  transformers, 
both  being  useful  work  so  far  as  the  alternator  is  concerned  ;  the 
other  part  is  work  done  on  its  own  magnetic  field.  This  latter  is 
stored  up,  and,  at  a  later  portion  of  the  periodic  time,  is  again 
restored  when  the  magnetic  field  does  work  on  the  circuit,  this 
being  negative  work  so  far  as  the  impressed  E.M.F.  is  concerned. 
Consequently  the  total  useful  work  done  by  the  alternating  current 
and  E.M.F.  in  one  complete  period,  or  the  total  energy  transformed 
from  electrical  energy  into  heat  or  other  useful  work,  is  measured 
by  the  net  area  enclosed  by  the  fiinged  curve  in  fig.  36,  when 
the  two  negative  areas  (shown  black  and  marked  — )  are  added 
together,  and  their  sum  subtracted  from  the  two  positive  areas.  It 
wUl  be  seen  that  the  wavy  character  of  the  power  curve  is  due  to  the 
fact  that  current  and  E.M.F.  are  continually  varying,  but  the  appear- 
ance of  the  negative  work  (shown  black)  is  solely  due  to  the  '  lag ' 
of  the  current  curve  behind  the  impressed  E.M.F.  curve,  by  reason 
of  which  the  impressed  E.M.F.  and  current  can  be  in  opposite 
directions  ;  and  this  lag  is  solely  caused  by  the  inductance  of  the 
portion  of  the  circuit  considered,  which  therefore  indirectiy  deter- 
mines the  respective  amounts  of  the  positive  and  negative  areas. 
The  greater  the  lag,  the  smaller  the  net  amount  of  work  done.  If 
the  lag  of  the  current  curve  were  to  amount  to  as  much  as  a  quarter 
of  a  period,  the  entire  current  curve  being  retarded  in  phase  by  an 
angle  of  90®  as  compared  with  the  E.M.F.  curve,  so  that  the  cur- 
rent value  is  zero  when  the  impressed  E.M.F.  is  a  maximum,  and 
via  vers&y  then  the  two  negative  areas  would  be  exactly  equal  to 
the  two  positive  areas,  and  therefore  the  net  work  done  in  a  period 
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would  be  nil,  the  explanation  being  that  the  magnetic  field  gives 
back  as  much  energy  in  the  second  and  fourth  quarters  of  a  period 
as  was  previously  developed  in  the  first  and  third  quarters  by  the 
source  of  the  impressed  E.M.F.  On  the  other  hand,  if  there  is 
DO  inductance  and  no  lag,  there  is  no  negative  work  done,  since  the 
phases  of  E.M.F.  and  current  coincide.  Both  cases  are  impossible 
practically,  but  serve  to  indicate  the  theoretical  limits  to  which 
practical  cases  approximate  more  or  less  closely. 

Given,  therefore,  the  two  curves  of  impressed  E.M.F.  and  current 
during  one  complete  period,  we  can  deduce  a  curve  whose  area 
represents  the  work  done,  and  whose  ordinates  represent  the 
power  developed  at  any  instant  The  mean  power  or  mean  rate  of 
development  of  energy  will  be  the  mean  of  all  the  values  of  the 
product  of  current  and  impressed  E.M.F.  taken  over  a  sufficiently 
long  time ;  since  we  have  supposed  that  the  E.M.F.  and  current 
vary  periodically,  so  that  the  curves  continually  repeat  themselves 
after  each  period,  it  will  suffice  to  consider  the  mean  of  all  the 
values  during  one  period  ;  so  long  as  the  conditions  are  unchanged 
any  other  complete  period  or  periods  will  give  the  same  result. 
The  mean  value  of  the  power  during  one  period  will  evidently  be 
represented  by  the  mean  ordinate  to  the  curve  of  power,  i.e.  an 
ordinate  o  d  (fig.  36)  of  such  a  height  that  when  multiplied  by  the 
length  o  o'  the  area  of  the  rectangle  so  formed,  odeo\  is  equal 
to  the  net  work  done,  or  the  difference  between  the  areas  of 
positive  and  negative  work.  This  mean  ordmate  will  give  the  mea^ 
power  developed  in  the  circuit  or  portion  of  a  circuit  considered. 

The  whole  of  the  above  is  applicable,  not  only  to  any  portion 
of  a  circuit,  but  also  to  the  circuit  as  a  whole  ;  in  the  case  of  an 
alternator  supplying  energy  to  the  external  circuit,  its  total  rate 
of  development  of  electrical  energy  is  equal  to  the  mean  ordinate 
to  a  curve  formed  by  multiplying  together  simultaneous  values  of 
Its  induced  E.M.F.  and  current,  and  its  output  or  rate  of  develop- 
ment of  energy  in  the  external  circuit  is  equal  to  the  mean  ordinate 
of  a  curve  formed  by  multiplying  together  simultaneous  values  of 
the  E.M.F.  impressed  on  the  external  circuit  from  its  terminals 
and  of  the  current  flowing  in  that  circuit.  It  must  be  remembered 
that  the  E.M.F.  impressed  on  the  external  circuit  need  not  be 
identical  with  the  curve  of  resultant  E.M.F.  for  the  external  circuit, 
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and  in  fact  will  only  be  so  if  the  external  circuit  be  a  simple  ohmic 
resistance  without  inductance. 

The  determination  of  either  the  total  power  or  the  output  of 
an  alternating  dynamo,  as  so  far  described,  is  necessarily  tedious  : 
it  involves  a  knowledge  of  the  exact  curves  of  E.M.F.  and  current 
— neither  of  which  are  usually  known— the  multiplication  of  their 
simultaneous  values,  and  the  discovery  of  the  mean  ordinate  to 
the  curve  so  formed.  A  simpler  process  is  desirable,  provided 
that  such  a  process  is  accurate  enough  for  practical  purposes.  In 
the  previous  explanation  of  the  behaviour  of  alternating  currents, 
the  effect  of  self-induction  has  been  expressed  in  more  or  less 
general  terms,  independent  of  the  exact  type  of  the  curves  drawn 
and  assumed,  but  in  the  discovery  of  the  simpler  process  now 
required,  the  laws  which  govern  the  shape  of  these  curves  must 
be  considered  further.  It  has  been  said  that  if  the  full-line  curve 
of  fig.  32  is  a  sine  curve,  it  follows,  from  the  mathematical  nature 
of  a  sine  curve,  that  the  curve  derived  from  it  and  expressing  its 
rate  of  change  will  also  be  a  sine  curve  of  the  same  periodic  time, 
but  differing  by  90®  in  its  phase.  If,  therefore,  the  current  curve 
in  any  piece  of  alternating  machinery  is  a  sine  curve,  and  if  its 
inductance  be  strictly  constant  throughout  the  whole  periodic  time, 
and  the  lines  of  induction  due  to  the  current  are  strictly  propor- 
tional to  the  current,  and  follow  simultaneously  upon  its  variations, 
the  curve  of  self-induced  lines  (fig.  34)  will  be  a  sine  curve ;  conse- 
quently the  dotted  curve  derived  from  it,  which,  when  inverted, 
represents  the  self-induced  E.M.F.,  will  also  be  a  sine  curve  of  the 
same  periodic  time,  but  differing  by  90°  in  its  phase.  Further,  if  two 
sine  curves  be  combined  together,  as  was  done  on  p.  93,  the  third 
curve  so  deduced  is  a  sine  curve  of  the  same  periodic  time,  but 
differing  in  phase  from  either  of  the  two  component  curves,  and 
therefore  the  curve  of  impressed  E.M.F.  (in  fig.  35)  will  be  such 
a  curve.  Fig.  37  shows  the  combination  of  two  sine  curves  to 
form  a  third,  and  it  is,  therefore,  the  counterpart  of  fig.  35  on 
the  supposition  that  the  curves  of  current  and  E.M.F.  are  sine 
curves.  From  a  comparison  of  the  two  figures  it  will  be  seen  that 
the  chief  difference  is  that  in  fig.  37  there  is  a  definite  angle  of 
lag  (18^  in  the  diagram)  between  the  current  and  impressed  E.M.F. 
curves.     Not  only  does  the  former  pass  through  its  zero  at  a  certain 
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angle  behind  the  zero  of  the  impressed  E.M.F.,  but  it  passes 
through  its  maximum  with  the  same  angle  of  lag.  Further,  the 
maximum  ordinate  of  the  current  curve  coincides  with  its  point  of 
intersection  with  the  impressed  E.M.F.,  and  lastly  the  maximum 
value  of  the  resultant  E.M.F.  is  necessarily  less  than  the  maximum 
ordinate  of  the  impressed  E.M.F.  The  effect,  therefore,  of  con- 
stant inductance  in  any  portion  of  a  circuit  traversed  by  an  alternating 
current  is  to  shift  the  entire  current  curve  backwards  by  a  constant 
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angle  of  lag,  and  to  reduce  the  height  of  all  the  ordinates  of  the 
resultant  E.M.F.  curve  as  compared  with  those  of  the  impressed 
E.M.F.  curve.  We  thus  obtain  three  sine  curves,  representing 
respectively  impressed  E.M.F.,  self-induced  E.M.F.,  and  resultant 
E.M.F.  or  current,  mutually  related  to  one  another  by  simple 
mathematical  laws,  so  that  from  any  two  the  third  necessarily 
follows,  and  from  the  mathematical  nature  of  sine  curves  we  can 
go  on  to  deduce  other  facts  respecting  the  three  related  factors. 
Now,  the  assumption  that  in  any  given  alternator  the  three  cuYves 
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are  sine  curves  is  not  by  any  means  necessarily  true,  but  experience 
has  shown  that  in  modem  machines  no  great  error  arises  in  theory 
or  practice  from  assuming  that  they  are  sine  curves.  The  curves 
of  impressed  E.M.F.  of  modem  alternators,  so  far  as  they  have 
been  experimentally  determined,  do  closely  resemble  sine  curves 
in  their  general  nature,  and  so  also  but  to  a  less  degree  do  the 
curves  of  current  under  their  normal  conditions  of  working. 
Consequently  we  may  assume  that  both  approximate  sufficiently 
nearly  to  sine  curves  to  enable  us  to  make  use  of  the  mathematical 
nature  of  sine  curves  in  order  to  simplify  any  given  problem  and 
to  supply  a  basis  on  which  to  treat  it  graphically. 

Now,  if  we  have  two  simple  sine  ciures  of  equal  period,  but  of 
different  amplitude  and  phase,  and  simultaneous  values  of  the 
ordinates  of  the  two  curves  be  multiplied  together,  it  can  be  shown 
mathematically  that  the  mean  of  all  the  products  so  obtained  is 
equal  to  half  tiie  product  of  the  maximum  values  of  the  two  sets 
of  ordinates  multiplied  by  the  cosine  of  the  angle  which  expresses 
their  difference  of  phase.  Hence  in  fig.  36,  if  the  two  curves  of 
E.M.F.  and  current  be  sine  curves,  the  mean  ordinate  to  the 
power  curve  can  be  thus  directly  obtained;  if  e  and  /  be  the 
impressed  E.M.F.  and  altemating  current  at  any  instant,  and  b 
and  I  be  their  maximum  values,  the  mean  value  of  ei  or  the 
mean  rate  of  expenditure  of  energy  on  the  circuit  during  a  com- 

plete  period  or  any  number  of  complete  periods  is  — cos  ^,  where 

2 

^  is  the  angle  of  lag  or  difference  of  phase  between  the  impressed 

E.M.F.  and  current.     If,  therefore,  i,  and  e«  be  the  maximum 

values  of  the  current  flowing  in  the  external  circuit  of  an  alternator 

and  of  the  E.M.F.   impressed  on  the  external  circuit  from  its 

E      I 

terminals,  its  output  is  -iJ—*  cos  <^. 

But  how  are  we  to  measure  e^  and  !«  or  indeed  any  alternating 
E.M.F.  and  current,  the  values  of  which  are  continually  varying? 
Given  a  current  fluctuating  in  value  and  flowing  through  a  fixed 
resistance  of  R  ohms,  the  rate  at  which  electrical  energy  is 
transformed  into  heat  over  the  resistance  is  at  any  instant  equal 
to  the  product  of  the  ohmic  resistance  and  the  square  of  the 
current  strength  at  that  instant     If,  therefore,  being  given  the 
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curve  (i)  of  an  alternating  current  (fig.  38)  during  one  complete 
period,  we  square  the  ordinates  and  plot  these  squares  as  a 
second  curve  on  the  same  horizontal  axis,  the  total  area  en- 
closed by  this  second  thick-line  curve  o  i  *  o'  is  proportional  to 
the  total  heat  developed  in  the  resistance  in  one  period.  But 
there  is  some  one  ordinate  to  this  second  curve  whose  height 
multiplied  by  the  horizontal  line  o  o'  gives  a  rectangle  equal 
in  area  to  the  total  area  of  the  curve  01*0'.  This  mean 
ordinate  or  mean  square  is  equal  to  the  square  of  a  certain 
current  which  would  produce  the  same  heating  effect  if  it  flowed 
for  the  same    time    through    the    resistance  with  unchanging 
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strength.  Consequently  the  square  root  of  the  mean  square 
is  the  value  in  amperes  of  that  steady  current  whose  rate  of  pro- 
duction of  heat  in  a  given  resistance  is  equal  to  the  mean  rate  at 
which  heat  is  actually  developed  by  the  alternating  current  in 
passing  through  the  same  resistance ;  and  this  square  root  of 
the  mean  square  is  called  the  'effective  current,'  since,  as  regards 
heating,  the  alternating  current  is  equal  in  effect  to  a  steady 
current  of  that  number  of  ampferes.  Now  if  the  first  curve  o  1  o' 
be  a  sine  curve,  as  in  fact  is  shown  in  fig.  38,  it  can  be  proved 
mathematically  that  the  mean  of  the  values  of  all  its  ordinates 
squared,  i.e.  the  mean  ordinate  to  the  second  curve  01*0',  is  half 
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the  square  of  the  maximum  value  of  the  ordinates  of  the  first  curve, 
so  that  if  I  be  the  maximum  value  of  the  current,  the  mean 

square  is  — ,  and  the  square  root  of  the  mean  square,  or  the  effec- 
2 

tive  current,  is 

n/2 

In  a  Cardew  or  other  hot-wire  voltmeter  the  heating  effect  of 
a  current  passed  through  it  causes  the  needle  to  take  up  a  definite 
position,  which  indirectly  measures  the  rate  of  development  of 
heat  in  the  instrument.  If,  therefore,  the  current  passed  through 
the  instrument  is  alternating,  the  position  taken  up  by  the  needle 
measures  the  square  root  of  the  mean  square  of  the  current 
strengths,  or  the  effective  current.  But  if  the  wire  through  which 
the  current  fiows  has  inductance  so  small  as  to  be  negligible — and 
this  is  in  fact  the  case— the  E.M.F.  impressed  on  the  wire  from 
the  terminals  of  the  instrument  is  at  any  instant  proportional  to 
the  current  strength,  so  that  the  curve  of  impressed  E.M.F.  is 
identical  in  its  law  and  phase  with  the  current  curve.  Hence  the 
position  taken  up  by  the  needle  of  the  voltmeter  not  only  deter- 
mines the  square  root  of  the  mean  square  of  the  current,  but  also 
the  square  root  of  the  mean  square  of  the  E.M.F.  impressed 
upon  the  instrument.  This  square  root  of  the  mean  square  of 
the  E.M.F  is  called  the  *  effective  E.M.F.,'  since  it  is  that  value 
of  a  steady,  uni-directed  E.M.F.  which  would  when  applied  to  a 
given  resistance  produce  the  same  amount  of  heating  as  the  alter- 
nating E.M.F.  produces.  Now  if  the  Cardew  voltmeter  be  applied 
to  the  terminals  of  an  alternator  supplying  current  to  an  external 
circuit,  the  E.M.F.  impressed  upon  the  voltmeter  is  also  the  E.M.F. 
impressed  upon  the  external  circuit ;  the  reading  of  the  needle  gives 
us  the  number  of  volts  which  is  equal  to  the  square  root  of  the 
mean  square  of  the  alternating  E.M.F.  impressed  upon  it,  and  if 
the  curve  of  the  impressed  E.M.F.  be  a  sine  curve  (as  is  usually 

assumed)  we  know  that  this  is  equal  to  -7-  of  the  maximum 

value  of  the  periodic  impressed  E.M.F.    We  have  thus  found 

— ,  which  is  one  factor  in  the  expression  for  the  output  of  the 

alternator.     Other  instruments  are  adapted  for  the  measurement 
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of  the  effective  voltage  besides  the  Cardew  voltmeter,  but  all  alike 
measure  the  square  root  of  the  mean  square.  In  a  similar  way 
the  effective  current  can  be  measured  by  a  dynamometer  or 
ammeter  suitable  for  alternating  currents,  either  instrument  being 
placed  in  series  with  the  external  circuit.  Its  value  on  the  sine- 
curve  assumption  is  equal  to  -if-,  and  the  product  of  the  two, 

V  2 

effective  E.M.F.  and  effective  current,  gives  us  5tif ;  but  to  obtain 

2 

the  actual  output  of  the  machine  it  still  remains  to  multiply  this 
product  by  the  cosine  of  the  angle  of  lag.  In  actual  working  when 
the  alternator  is  lighting  lamps  directly  or  is  connected  to  fully 
loaded  transformers  the  angle  of  lag  between  the  external  current 
and  the  E.M.F.  impressed  upon  it  is  very  small,  and  may  in  most 
cases  be  neglected,  the  output  being  therefore  simply  equal  to  the 
product  of  the  effective  E.M.F.  and  effective  current  of  the  external 
circuit  or  half  the  product  of  the  maximum  values  of  the  impressed 
E.M.F.  and  current  In  fig.  36  a  very  small  amount  of  negative 
work  has  been  shown,  and  the  output  of  an  alternator,  to  the 
external  circuit  of  which  the  curves  there  shown  apply,  would 
be  26  kilowatts ;  a  value  not  much  less  than  would  be  obtained 
on  the  assumption  that  the  curves  were  sinoidal,  and  that  there 
was  no  lag  of  external  current  behind  external  E.M.F.,  i.e. — 

/3100  j_.2,QoJ  volts  X  (^     =127  j  ampbres  =27!  kilowatts. 
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CHAPTER  VII 

CLASSIFICATION  OF  DYNAMOS 

The  variety  of  different  forms  which  the  dynamo  may  take  is  well- 
nigh  endless,  yet  in  all  there  may  be  traced  the  two  structural 
portions  which  the  dual  nature  of  the  machine  requires.  It  will 
be  advantageous  here  to  repeat  and  enlarge  our  first  description  of 
these  two  portions. 

There  is,  first,  the  *  field- magnet,'  the  function  of  which  is 
simply  to  serve  as  the  path  for  the  lines  of  induction  constituting 
the  field,  and  which  is  therefore  composed  entirely  of  iron.  It 
may  usually  be  divided  into  three  parts,  which  can  be  distinguished 
in  fig.  2,  viz.  (i)  the  magnet  *  cores*  or  limbs  {dd\  on  which 
the  exciting  coils  (ee)  are  woimd  or  placed,  and  which  lead  the 
lines  up  to  or  away  from  the  pole- pieces  ;  (2)  the  *  yoke '  (y)  which 
joins  together  the  limbs  of  the  magnet ;  and  (3)  the  pole-pieces 
themselves  (n,  s).  These  latter  by  reason  of  their  particular  shape 
cause  the  lines  to  issue  forth  into  and  pass  through  the  air-gap  in 
such  directions  and  with  such  intensity  as  will  best  adapt  them  to 
be  cut  by  the  inductors. 

Secondly,  there  is  the  'armature'  (a),  which  consists  of  a 
number  of  inductors,  almost  invariably  of  copper,  which  are  sys- 
tematically arranged  and  connected  together  in  a  definite  and 
particular  order ;  in  the  dynamo  of  fig.  2  they  form  portions  of  a 
large  number  of  loops  or  turns  of  wire,  each  of  which  is  entirely 
insulated  from  the  structure  upon  which  they  are  wound,  and  also 
from  every  other  turn,  save  where  the  end  of  one  loop  is  elec- 
trically joined  to  the  beginning  of  the  next.  In  the  inductors,  by 
reason  of  their  movement  relatively  to  the  field,  KM.F.'s  are 
generated,  and  by  their  grouping  are  added  together  in  series  or 
placed  in  parallel,  or  in  general  brought  into  practical  use  at 
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certain  definite  points  or  *  terminals '  (a  d)  to  which  the  external 
circuit  is  applied.  When  we  leave  the  sphere  of  theoretical  dia- 
grams such  as  those  in  Chapter  IV.  it  is  evident  that  the  inductors 
must  be  supported  in  some  way,  and  in  most  cases  they  are  in 
practice  arranged  or  wound  upon  a  mass  of  iron,  which  itself 
forms  part  of  the  magnetic  circuit,  and  is  traversed  by  the  lines  of 
induction  ;  it  is  this  structure  of  iron  which  in  strictness  of  Ian 
guage  is  the  armature  or  <  keeper '  of  the  magnet  or  magnets  em- 
ployed to  produce  the  field.  Thus,  in  the  ordinary  two-pole  dynamo 
the  cylindrical  armature  of  iron,  a  (fig.  2),  may  be  likened  to  the 
'keeper'  placed  between  the  two  poles  of  a  simple  horseshoe 
magnet ;  but  from  its  intimate  connection  with  the  electrical  con- 
ductors which  it  supports,  the  term  has  now  been  transferred  to  the 
system  of  inductors,  the  iron  portion  itself  being  called  the  *  core ' 
of  the  armature.  Finally,  the  central  support  on  which  the  con- 
ductors are  wound  or  laid  is  now  termed  the  'armature-core,' 
whether  it  be  made  of  iron  or  porcelain  or  any  other  substance, 
magnetic  or  non-magnetic. 

In  the  diagrams  of  Chapter  IV.  the  principle  of  electro- 
magnetic induction  was  mostly  exhibited  by  means  of  a  straight 
inductor  drawn  across  or  rotated  in  a  magnetic  field,  but  these 
simple  experiments  must  now  be  elaborated  into  more  practical 
forms.  In  the  first  place,  it  is  evident  that  the  process  of  fig.  13, 
by  which  a  straight  inductor  is  drawn  across  a  field  in  a  straight 
line,  is  essentially  finite ;  the  motion  is  simple  rectilinear  motion 
in  one  and  the  same  direction,  and  this  cannot  practically  be 
maintained  for  any  very  great  space,  for  the  simple  reason  that  the 
pole-pieces  would  have  to  be  indefinitely  long  in  order  to  produce 
an  indefinitely  long  magnetic  field.  But  our  definition  of  the 
dynamo  demands  *  continuous  relative  motion,'  and  hence,  when 
the  inductor  has  been  moved  to  one  end  of  the  magnetic  field,  we 
are  under  the  necessity  of  reversing  its  direction  of  movement. 
We  thus  pass  to  oscillatory  or  reciprocating  motion,  first  in  one 
direction,  and  then  back  again  in  the  opposite  direction.  Such  a 
motion  would  be  obtained  by  attaching  the  inductor  directly  to 
the  piston  of  a  steam  engine  ;  it  would  give  an  E.M.F.  alternating 
in  direction,  and  if  the  field  were  of  uniform  density,  the  value  of 
the  E.M.F.  would  vary  as  the  speed  of  movement,  reaching  a 
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maximum  during  the  middle  of  the  stroke,  and  reversing  at  either 
end  (compare  a  b,  fig.  24).  But  such  an  arrangement  is  not  con- 
venient, since  it  is  not  easy  to  secure  a  speed  high  enough  to  give 
an  appreciable  number  of  volts  with  any  practicable  length  of 
inductor  and  strength  of  field.  No  such  difficulty  meets  us  when 
we  have  recourse  to  the  rotatory  motion  of  fig.  24,  and  hence 
in  all  practical  dynamos,  without  exception,  it  is  by  rotation 
that  the  '  continuous  relative  motion '  of  field  and  conductor  is 
secured,  and  an  E.M.F.  continuously  generated.     Reverting  to 


the  case  of  a  straight  inductor  rotated  in  an  air-gap  formed  in  a 
single  horseshoe  magnetic  circuit  by  a  pair  of  opposing  pole-pieces, 
it  will  be  seen  from  fig.  39  that  there  are  two  distinct  ways  in 
which  the  cutting  process  can  be  carried  out.  In  case  a,  as  the 
inductor  shown  in  section  at  a  is  rotated  round  the  axis  0  to  a\  it 
moves  downwards  across,  or  cuts,  all  the  lines  passing  from  the  N. 
to  the  S.  pole,  and  by  further  rotation  firom  a'  to  a  it  cuts  the  same 
lines  again,  but  in  the  opposite  direction,  i.e.  upwards ;  conse- 
quently the  E.M.F.  induced  in  it  is,  during  the  first  half  of  a 
revolution,  in  one  direction  along  its  length  (downwards  into  the 
plane  of  the  paper),  and  then  during  the  second  half  in  the  opposite 
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direction  along  its  length  (upwards  out  of  the  plane  of  the  paper)  ^ 
in  other  words,  it  is  the  seat  of  an  alternating  E.M.F.  whose  direc- 
tion undergoes  reversal  twice  every  revolution.  But  in  case  b,  if 
the  conductor  is  rigidly  attached  to  the  shaft  oo\  and  is  thus  con- 
tinuously swung  round,  when  an  E.M.F.  is  induced  in  it  by  its 
passage  past  the  poles,  this  E.M.F.  is  always  in  the  same  direction 
along  its  length  (in  the  diagram  from  a  to  ^  or  radially  outwards). 

Another  most  important  distinction  between  the  two  cases  of 
fig.  39  is  connected  with  the  position  of  the  length  of  the  inductor 
relatively  to  the  axis  round  which  it  is  rotated.  In  case  a  the 
length  of  the  inductor  is  parallel  to  the  axis  of  rotation ;  in  case 
B  it  is  at  right  angles  to  the  axis  of  rotation,  and  from  this  difference 
of  position  great  differences  of  structure  arise. 

Now  the  classification  of  dynamos  is  a  matter  of  considerable 
difficulty,  and  several  bases  of  division  present  themselves,  each 
of  which  has  its  advantages  in  throwing  light  upon  the  affinity  of 
one  machine  to  another.  It  might  be  thought  that  the  distinction 
between  dynamos  yielding  an  E.M.F.  and  current  always  in  the 
same  direction  round  the  external  circuit,  and  those  yielding  an 
alternating  E.M.F.  and  current  in  the  external  circuit  would  be 
sufficiently  sharp  ;  yet  on  further  examination  it  will  be  found  that 
of  two  so-called  'continuous- current*  dynamos  givinga  current  uni- 
directed  in  the  external  circuit,  the  one  may  be  entirely  distinct  from 
the  other  in  its  whole  nature  and  structure.  As  a  matter  of  fact, 
dynamos  which  primarily  and  in  themselves  give  a  current  con- 
tinuously in  the  same  direction  are  few  and  comparatively  unim- 
portant— at  least  up  to  the  present  time.  Again,  amid  the  be- 
wildering variety  of  types  of  armatures  and  field  magnets  certain 
fundamental  differences  in  structure  may  be  seized  upon,  which 
help  to  characterise  the  machine  of  which  they  form  a  part ;  but 
any  classification  based  on  such  characteristics  alone  will  not  suffice 
to  exhaust  the  chief  differences  which  distinguish  one  dynamo 
from  another. 

Two  questions  have,  however,  been  suggested  by  fig.  39,  which 
must  be  asked  and  answered  when  considering  any  form  of 
dynamo  machine  ;  they  are  as  follows  : — 

(i)  Is  the  E.M.F.  produced  in  each  inductor  as  it  rotates 
always  in  the  siune  direction  along  its  length,  or  does  it  alternate 
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by  reason  of  its  cutting  the  same  lines  twice  over  in  each  revo-^ 
lution  in  alternate  directions  ? 

(2)  Is  the  length  of  the  inductors  parallel  or  at  right  angles  to 
the  axis  of  rotation  ? 

If  the  above  two  criteria  be  followed  up,  it  will  be  found  that 
any  djmamo  under  consideration  can  be  placed  in  its  proper 
position  and  rank.  In  the  following  pages  it  is  therefore  proposed 
to  make  use  of  three  bases  of  division,  applying  each  in  turn  so 
far  as  it  is  helpful  to  the  due  understanding  of  the  different  types 
of  dynamos :  the  first  of  these  is  the  question  whether  each 
inductor  is  the  seat  of  an  alternating  E.M.F.  or  not ;  the  second 
is  the  position  of  the  length  of  the  inductor,  and  the  direction  of 
the  field  with  reference  to  the  axis  of  rotation  (for  by  this  we  may 
to  a  large  extent  determine  other  points,  such  as  the  systems  on 
which  the  inductors  must  be  connected  together,  the  form  of 
field-magnet  required,  and  even  the  structure  ofthe  armature  core), 
while  third  and  last  is  the  question  whether  the  external  E.M.F. 
and  current  are  alternating  or  uni-directed.  In  any  dynamo  either 
the  field  or  the  inductors  may  be  rotated,  or  both  in  opposite 
directions  ;  it  is  merely  a  matter  of  convenience  to  be  decided 
by  the  relative  adaptability  of  field  magnet  or  armature  to  with- 
stand the  centrifugal  force  and  the  various  strains  due  to  rotation. 

At  the  outset,  therefore,  dynamos  may  be  divided  into  Class  I., 
those  in  which  each  inductor  cuts  the  same  lines  twice  over,  in 
opposite  directions,  in  each  revolution,  and  by  reason  of  its  so 
cutting  the  lines  has  an  alternating  E.M.F.  induced  in  it,  hence- 
forth called  *bi- '  or  'multi-polar*  dynamos ;  and  Class  II.,  those  in 
which  each  inductor,  when  cutting  lines,  is  always  cutting  them 
in  the  same  direction,  and  therefore  the  E.M.F.  induced  in  it  is 
always  in  the  same  direction  along  its  length,  or  *  unipolar' 
dynamos. 

The  above  division  so  largely  corresponds  to  the  somewhat 
inaccurate  and  often  misunderstood  distinction  between  *  bi- '  or 
'  multi-polar '  dynamos  on  the  one  hand,  and  '  unipolar '  dynamos 
on  the  other,  that  these  terms  are  retained,  but  with  the  distinct 
and  special  signification  above  attached  to. them.  In  the  ordinary 
two-pole  dynamo  of  fig.  2  a  definite  group  of  lines  existing  between 
a  pair  of  poles  is  cut  twice  by  each  inductor  in  each  revolution, 
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as  in  fig.  39  A  :  it  is  not  merely  that  the  same  number  of  lines  is 
twice  cut,  first  in  one  direction,  and  then  in  the  opposite  direction, 
but  the  same  actual  lines  are  so  cut    Similarly,  in  the  multipolar 
dynamo  properly  so  called,  in  which  there  are  several  magnetic 
circuits  or  groups  of  lines,  the  same  foct  holds  good  with  respect 
to  each  pair  of  poles,  viz.  that  each  set  of  lines  belonging  to  a 
distinct  magnetic  circuit  is  cut  twice  by  each  inductor  in  opposite 
directions    in    each    revolution.     In  the    so-called    'unipolar' 
dynamos  there  is  a  single  field  just  as  in  the  bipolar  dynamo,  and 
it  must  from  the  nature  of  lines  of  magnetic  force  exist  between 
a  pair  of  poles ;  but  this  single  field  is  only  cut  once  in  each  revo- 
lution, and  the  cutting  always  takes  place  in  the  same  direction,  so 
that  there  is  no  reversal  of  the  direction  of  the  E.M.F.  induced 
along  the  length  of  the  inductor  :  thus,  the  b  arrangement  of  fig. 
39  would  form  a  unipolar  dynamo.     Now  in  Class  I.,  even  with 
a  single  field,  as  a,  fig.  39,  the  action  may  be  divided  into  two 
portions,  separate  in  time,  viz.  a  cutting  of  the  lines  as  they  emerge 
from  the  N.  pole,  and  a  second  cutting  of  them,  in  an  opposite 
direction,  as  they  enter  into  the  S.  pole.     The  distinction  here 
made  between  lines  as  they  emerge  from  a  N.  pole,  and  the  same 
lines  as  they  enter  into  a  S.  pole,  is  of  course  unreal,  but  the 
action  is  dual  and  connected  with  the  presence  of  a  pair  of  poles 
by  which  the  field  is  .confined  and  concentrated  within  a  definite 
space ;  consequently  the  dynamo  is  called  <  bipolar.'    In  the 
unipolar  machine,  since  the  lines  are  always  cut  in  the  same 
direction,  it  might  be  said  that  they  are  cut 
as  they  emerge  from  a  N.  pole,  or  as  they 
enter  into  a  S.  pole,  and  thus  the  necessary 
presence  somewhere  of  the  other  pole  might 
be  left  out  of  sight,  the  need  of  this  pole 
not  being  at  once  apparent,  except  in  theory, 
since  it  is  not  wanted  to  concentrate  and 
collect  the  lines  in  order  for  them  to  be  cut 
a  second  time  in  the  same  revolution.    Such 
a  view,  however  inaccurate,  would  be  repre- 
sented diagrammatically  by  fig.  40,  where  n  is  the  N.  pole  of  a 
bar  magi>et,  the  other  pole  of  which  is  not  in  view  (compare  with 
B,  fig.  39). 


Fig.  40W— Conveouonal  uni- 
polar dyiuuno. 
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Having  premised  thus  much,  we  pass  to  an  examination  of 
dynamos  of  Class  I.,  and  in  the  first  place  (a),  those  in  which  the 
inductor's  length  is  parallel  to  the  axis  of  rotation. 

Through  the  middle  of  a  rectangular  gap  formed  in  a  simple 
horseshoe  magnet  by  two  pole-pieces  having  plane  faces,  let  a 
shaft  be  placed  which  is 
capable  of  rotation,  and  at 
some  distance  radially  from  it 
let  there  be  a  wire,  a  d^  sup- 
ported at  either  end  in  a 
position  parallel  to  the  axis  of 
rotation.  Then,  when  the 
shaft  is  rotated,  a  d  will  cut 
the  lines  of  the  field  and  act 
as  an  inductor  of  an  alter- 
nating E.M.F.  (fig.  41).  If 
the  ends  of  the  inductor  are 
electrically  connected  with 
two  collecting  rings  fixed  on  the 
shaft  and  insulated  from  it,  against  which  springs,  b  d,  are  pressed 
so  as  to  form  a  rubbing  contact,  we  have  an  alternator,  yielding 
an  alternating  difference  of  potential  at  the  two  stationary  rubbers 
or  brushes  to  which  an  external  circuit,  R^  can  be  applied. 
Assuming  for  the  present  that  the  field  swept  through  by  the 
inductor  is  of  uniform  density,  and  that  all  the  lines  pass  straight 
across  from  one  pole  to  the  other,  the  curve  of  instantaneous 
induced  E.M.F.,  if  plotted  for  one  revolution  forming  a  complete 
period,  would  be  a  sine  curve,  as  in  fig.  25. 

But  the  air-gap  in  which  the  magnetic  field  that  is  to  be  cut 
exists  should  be  as  short  as  possible  in  the  direction  of  the  lines, 
in  order  that  the  ampere-turns  of  exciting  power  required  to  pro- 
duce the  field  may  not  be  very  large  ;  for  economy  in  the  exciting 
power  means  economy  either  in  the  first  cost  of  the  machine  or 
in  its  cost  of  working,  or  both.  The  first  step  would  obviously 
be  to  shape  the  inner  surface  of  the  pole-pieces  so  that  they  follow 
the  curve  traced  out  by  the  rotating  inductor,  that  is,  instead  of 
having  pole-pieces  with  parallel  faces,  to  bore  out  a  cylindrical  gap 
within  which  the  inductor  may  rotate,  allowing  only  such  room  01 
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'clearance '  as  is  required  for  mechanical  safety  and  durable  work- 
ing  (fig.  42).  But  this  will  not  entirely  have  the  desired  effect  of 
strengthening  the  field  cut  by  the  inductor,  inasmuch  as  it  will  still 
remain  weak  except  at  the  edges,  ab^cd,  and  there  the  field  will  be 
most  dense  outside  the  limits  of  the  area  swept  through  by  the 

rotating  inductor ;  lines 
will,  in  fact,  leap  across 
in  considerable  numbers 
from  edge  to  edge  where 
the  distance  is  least,  being 
lost  as  far  as  any  useful 
purpose  is  concerned,  and 
therefore  to  be  reckoned 
as  mere  Meakage.'  A  com- 
plete remedy  is,  however, 
found  if,  instead  of  re- 
moving the  whole  portion 
of  the  magnetic  circuit 
which  is  bored  out,  an 
iron  cylinder  is  retained  on 
the  surface  of  which  the  inductor  can  be  placed  (fig.  43).  The 
exciting  power  required  to  produce  a  given  number  of  useful  lines 
within  the  sweep  of  the  inductor  will  be  immensely  reduced,  since 
the  path  of  the  lines  is  now  more  nearly  a  closed  magnetic  circuit 
of  iron,  like  a  horseshoe  magnet,  with  its  armature  or  *  keeper ' 
between  its  poles  ;  two  short  air-gaps  are  alone  left,  instead  of  one 
of  great  length,  and  the  density  under  the  pole-pieces  will  far 
exceed  that  of  any  straying  lines  between  the  pole-tips.  Besides 
these  two  functions,  viz.  of  reducing  the  exciting  ampere  turns 
to  a  minimum  for  a  given  number  of  lines  by  shortening  the 
length  of  the  air-path,  and  of  concentrating  and  guiding  the  lines 
in  the  required  direction,  the  cylinder  will  also  serve  as  a  sup- 
porting structure  on  which  the  inductor  and  its  connections  can 
be  secured.  When  thus  used  as  a  support  for  the  inductors  the 
iron  *  core  *  needs  to  be  rotated  ;  although  on  any  other  ground  it  is 
entirely  unnecessary.  The  problem  of  rotating  the  inductors  round 
a  stationary  iron  core  has  possessed  great  attractions  for  inventors ; 
the  difficulties  inherent  to  it  have,  however,  proved  too  great,  and 


Fig.  42. 
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the  mecbanical  simplicity  of  rotating  both  core  and  winding  has 
led  to  its  universal  adoption.  Apart  from  certain  secondary  and 
minor  effects  which  need  not  here  be  considered,  the  rotating  of 
the  iron  has  no  effect  on  the  field  of  lines ;  these  latter  remain 
stationary,  passing  into  and  through  the  core  just  as  if  it  were  at 
rest  By  the  insertion  of  the  iron  core,  the  distribution  of  the 
lines  in  the  field  as  cut  by  the  inductor  is  essentially  altered  \  they 
now  enter  the  core  much  more  radially,  and  are  distributed  over 
the  arc  embraced  by  the  pole-piece  almost  uniformly,  the  result 
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Fig.  44. 


being  a  considerable  modification  in  the  shape  of  the  curve  of 
instantaneous  E.M.F.  If  their  distribution  were  perfectly  uniform, 
and  their  direction  at  all  points  exactly  radial,  it  would  consist 
of  a  series  of  detached  rectangles  as  in  fig.  43  (contrast  fig.  24) ; 
but  in  actual  practice  the  comers  are  rounded  off  by  the  existence 
of  a  weak  field  or  'fringe'  at  the  edge  of  the  pole-piece,  which  is 
not  truly  radial,  and  the  curve  of  induced  E.M.F.  for  one  period 
or  complete  revolution  is  intermediate  between  a  pair  of  sine 
curves  and  a  pair  of  rectangles  (fig.  44).  If  b„  is  the  induction  or 
density  per  square  centimetre  of  C.G.S.  lines  passing  radially 
through  any  part  of  the  gap  between  the  iron  of  the  pole-piece 
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and  the  iron  of  the  armature  core,  the  E.M.F.  induced  in  an 
inductor  whose  length  is  l  centimetres,  when  traversing  that  part 
of  the  gap  with  a  velocity  of  v  centimetres  per  second,  is,  by  our 
equation  \a  of  p.  53 — 

E  (volts)  =B^  L  V  X  IO-*. 
But  the  E.M.F.  generated  by  one  single  inductor  of  reasonable 
length  thus  rotating  in  a  field  as  dense  as  it  is  possible  to  produce 
practically,  and  at  as  high  a  speed  as  is  practiotble,  is  very  small, 
not  amounting  to  more  than  a  few  volts  at  the  most ;  hence  it  is 
usual  in  most  commercial  dynamos  to  have  several  such  inductors 
and  to  add  up  their  E.M.F.'s  by  connecting  them  in  series. 

Thus,  in  order  to  generate  a  considerable  E.M.F.,  a  number 
of  inductors  have  to  be  rotated  in  an  interferric  space,  which  must 
be  as  small  as  is  consistent  with  mechanical  safety,  and  which 
should  be  approximately  of  uniform  length  at  all  points  of  a  revo- 
lution. Evidently,  therefore,  in  any  dynamo,  both  the  polar  sur- 
faces which  the  lines  leave  and  enter,  and  the  moving  system  of 
inductors  must,  as  above,  in  some  way  form  portions  of  an  approxi- 
mately cylindrical  or  spherical  structure  whose  axis  coincides  with 
the  axis  of  rotation  ;  and  according  to  the  position  of  the  length 
of  the  inductor  relatively  to  this  cylindrical  structure  the  direction 
of  the  magnetic  field  with  reference  to  the  axis  of  rotation  will  be 
fixed.    In  our  first  type  of  dynamo,  imagine  a  number  of  inductors 

arranged  symmetrically  round  the 
same  armature  core  (fig.  45)  parallel 
to  our  original  inductor,  which  was 
placed  on  the  surface  of  a  cylinder 
along  its  length,  the  direction  of 
the  lines  being  perpendicular  to  the 
axis  of  rotation.  Then  it  will  be 
seen  that,  with  either  direction  of 
Fig.  45.— Inductors  parallel  to  axis     rotation,  at  any  moment  each  of  the 

of  rotation.  .     _  \  •••.», 

inductors  moving  under  the  N.  pole 
has  an  E.M.F.  induced  along  its  length,  in  the  opposite  direction 
(as  viewed  by  an  observer  at  either  end)  from  the  E.M.F.  induced 
in  each  of  the  inductors  moving  under  the  S.  pole ;  e.g.^  with  a 
counter-clockwise  direction  of  rotation  as  shown,  the  rule  of  the 
hand  tells  us  that  the  E.M.F.  will  be  directed  away  from  the 
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observer  in  all  the  inductors  (crossed)  under  the  pole-piece  to  the 
left  of  the  neutral  diameter,  and  towards  the  observer  in  the 
inductors  (marked  with  a  dot)  under  the  pole- piece  to  the  right 
This  fundamental  fact  must  be  the  guide  to  any  method  by  which  the 
inductors  can  be  connected  together  electrically  in  a  useful  manner. 

Two  methods  of  adding  together  the  inductive  action  of  a  pair 
or  more  of  inductors  at  once  present  themselves ;  by  the  first, 
inductor  i  of  fig.  45  is  connected  in  series  with  another  inductor, 
2,  which  is  next  to  it  on  the  surface  of  the  core,  and  under  the 
same  pole-piece  ;  by  the  second  it  is  connected  with  another 
inductor,  such  as  2',  which  is  situated  nearly  diametrically  oppo- 
site on  the  other  side  of  the  core. 

(i)The  first  or  'Ring' method  was  employed  by  Pacinotti 
in  1865,  but  is  also  frequently  called  the  *  Gramme' winding,  from 
the  French  electrician  Gramme,  who  reintroduced  it  in  1870. 
If  the  iron  core,  which  served  to  guide  the  lines  through  the  space 
between  the  pole-pieces,  be  supported  at  some  distance  radially 
from  the  shaft  by  means  of  an  open  hub  or  spider  of  some  non- 
magnetic metal,  such  as  gun-metal,  a  connecting  piece  of  wire  can 
be  brought  through  the  inside  space  between  the  core  and  the 
shaft,  passing  between  the  arms  of  the  hub ;  by  it  the  near  end 
of  inductor  i  (fig.  45)  can  be  connected  to  the  further  end  of  2, 
the  inductor  next  to  it  on  the  surface  of  the  core,  and  the  whole 
arrangement  is  shown  in  the  ring«wound  armature  of  fig.  46,  i. 
Without  the  iron  core  the  lines  of  induction  would  go  straight 
across  the  gap  from  pole  to  pole ;  the  inner  connector  would 
therefore  be  cutting  lines  as  well  as,  and  in  the  same  direction  as, 
the  outer  inductor,  and  as  the  result  an  E.M.F.  would  be  pro- 
duced in  each.  These  two  E.M.F.'s  thus  acting  round  the  loop 
would  oppose  and  tend  to  neutralise  each  other,  so  that  the  net 
E.M.F.  would  be  merely  the  difference  between  the  two.  But  with 
the  iron  core  interposed,  the  lines  take  a  more  or  less  curved  path 
through  the  mass  of  the  iron,  as  shown  by  dotted  lines  in  the  end 
view  of  the  ring  armature  ;  and  if  the  core  be  supported  by  a  non- 
magnetic hub,  very  few  lines  will  leak  across  the  internal  central 
space ;  consequently,  there  is  little  or  no  E.M.F  induced  in  the 
inner  wire,  which  thus  serves  purely  as  a  conducting  connector 
to  sum  up  the  E.M.F.'s  produced  in  the  two  external  inductors, 
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and  does  not  itself  cut  the  lines  of  the  field.  If  any  E.M.F.  is 
induced  in  the  inner  wire,  it  is  simply  harmful,  but  with  proper 
construction  it  becomes  so  very  small  that  it  may  be  neglected. 
It  will  be  seen  that  this  method  really  amounts  to  threading  the 


End  view. 
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Fig.  46.-1.  Fing-wound  armature.  ii.  Drum-wound  armature. 

Two  inductors  in  series. 

same  wire  through  the  central  hole,  so  as  to  form  a  *  loop,'  and 
then  winding  a  second  loop  of  the  same  wire  continuous  and  side 
by  side  with  the  first.  We  thus  form  a  coil  of  two  loops,  contain- 
ing two  active  inductors  on  the  outside  of  the  core,  whose  E.M.F. 's 
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are  added  together  in  series,  and  the  core  becomes  a  '  ring '  over- 
wound with  a  coil,  whence  the  name  for  this  winding  arises. 
Further,  it  is  evident  that  the  process  of  winding  the  wire  round 
the  core  may  be  continued  so  as  to  form  more  than  two  loops ; 
for  the  present,  however,  we  will  confine  ourselves  to  indicating 
the  method  by  which  two  inductors  can  be  joined  in  series  by  the 
formation  of  two  loops  on  a  ring  core. 

(2)  The  second  or  *drum'  method  is  identified  with  the 
name  of  *  Siemens.'  In  its  complete  form  it  was  first  introduced 
in  1873  by  Von  Hefner  Alteneck  as  a  modification  of  the  original 
Siemens  shuttle-wound  armature.  It  is  even  simpler  than  the 
first  method,  and  consists  in  joining  the  fiirther  end  of  one  inductor 
by  a  connecting  piece  of  wire  passing  across  the  end  of  the  core 
to  the  further  end  of  another  inductor  situated  nearly  diametrically 
opposite  to  the  first  inductor  (fig.  46,  ii).  The  E.M.F.'s  induced  in 
the  two  inductor  wires  will  assist  each  other  round  the  loop  thus 
formed,  being  in  opposite  directions  along  their  length  as  viewed 
from  either  end.  The  core  now  becomes,  as  it  were,  a  cylindrical 
'  drum,'  which  may  be  solid  right  down  to  the  shaft ;  as  before, 
two  inductors  have  been  placed  in  series,  and  precisely  the  same 
amount  of  the  surface  of  the  armature  core  has  been  covered  up 
and  rendered  useful ;  and,  therefore,  one  loop  of  the  drum  wind- 
ing is  the  exact  equivalent  of  the  two  loops  of  the  ring  winding. 
To  both  the  ring  and  the  drum  the  iron  core  is  essential,  since 
without  it  almost  all  the  lines  would  pass  from  the  one  pole 
to  the  adjacent  edge  of  the  other  without  being  cut  by  the  arma- 
ture conductors  at  all ;  but  it  is  doubly  essential  to  the  ring,  in 
order  that  it  may  shield  the  internal  conductors  from  any  inductive 
action.  By  bringing  the  wire  across  the  near  end  of  the  drum, 
i.e.  by  the  addition  of  a  second  connector,  the  loops  may  be  multi- 
plied, the  end  of  one  loop  forming  the  starting-point  of  the  next. 

If  the  curve  of  E.M.F.  induced  by  either  the  ring  or  drum 
arrangement  of  fig.  46  be  plotted,  then  with  the  same  field  and 
speed  of  rotation  the  ordinates  will  have  twice  the  height  that 
they  have  in  fig.  44  ;  and  if  the  free  ends  of  the  loops  a  ^  be  con- 
nected to  two  insulated  collecting  rings  mounted  on  the  shaft,  we 
have  the  simple  bipolar  '  ring '  and  *  drum '  alternators  of  fig.  47. 
This  figure  also  shows  the  curve  of  E.M.F,  acting  during  one  revo* 
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ludon  at  the  brushes  a  and  b,  which  lead  to  the  external  circuit, 
the  angle  through  which  the  loops  have  rotated  being  reckoned 
from  a  position  midway  between  the  pole-pieces  as  a  starting-point 
But  for  a  variety  of  purposes  an  alternating  E.M.F.  is  incon- 
venient or  positively  useless  ;  yet,  from  the  nature  of  the  dynamos 

under  Class  I.,  the  E.M.F. 
induced  in  each  inductor  is 
necessarily  alternating,  since  it 
is  produced  by  first  cutting 
lines  in  one  direction  and 
then  in  the  opposite,  by  con- 
tinuous rotation,  and,  there- 
fore, any  current  flowing  under 
that  E.M.F.  must  necessarily 
be  alternating  in  the  armature 
conductors  themselves,  what- 
ever it  may  be  in  the  external 
circuit.  It  remains  to  be 
inquired  how  the  alternating 
E.M.F.  of  the  armature  loops 
can  be  'commuted '  or  changed 
to  an  E.M.F.  always  acting 
in  one  direction  in  the  ex- 
ternal circuit.  Let  us  con- 
sider the  loop  or  loops  of 
fig.  47  :  when  in  the  course 
of  rotation  they  arrive  at  a 
central  position  under  the  two 
pole-pieces,  then  the  E.M.F. 
is  a  maximum,  and  collect- 
ing ring  a  is,  say,  positive; 
now,  when  the  loops  have 
turned  through  90°,  or  have  reached  a  position  in  the  gap  between 
the  poles,  no  E.M.F.  is  being  generated,  since  no  lines  are  being 
cut,  and  they  have  reached  the  position  of  reversal.  Immediately 
after  passing  this  point,  ring  a  will  be  negative,  ring  b  positive. 
What  is  required,  therefore,  in  order  for  the  E.M.F.  at  the  brushes 
to  act  always  in  the  same  direction  round  the  external  circuit  is 
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Fig.  47.— Alternator  armatures  with  two 
inductors  in  series. 
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that  the  rings  in  contact  with  the  springs  or  brushes  should  be 
automatically  reversed  at  the  instant  of  the  reversal  of  the  direc- 
tion of  the  E.M.F.  in  the  loop,  so  that  a  should  now  touch  b,  and 
b  touch  A.  This  is  easily  effected  by  making  a  and  b  each  half 
of  one  and  the  same  split  ring,  the  two  halves  being  separated 
from  each  other  by  air  or  other  insulating  material,  and,  further, 
by  so  setting  the  brushes  that  they  pass  over  respectively  from  a 
to  3,  and  from  ^  to  a  at  the  instant  of  reversal  (fig.  48).  This 
device  is  the  simplest  form  of '  commutator,'  by  which  each  brush 
always  remains  either  positive  or  negative,  as  the  case  may  be, 


Aribftar 


€kt^9f  g.M.f. 

Fia  48.— Bipolai  dynamos  with  two  ioducton  in  series  giving  a  uiu>directed  E.M.F. 

and  therefore  the  current  flowing  in  the  external  circuit  is  *  uni- 
directed,'  although  in  the  loops  of  the  armature  itself  it  is  alter- 
nating in  direction. 

We  have  now  obtained  a  ring  and  a  drum  uni-directed-current 
machine,  and  the  curve  of  E.M.F.  at  the  terminals  or  brushes  will  be 
entirely  above  the  horizontal  line  (fig.  48).  Given,  therefore,  two 
open  ends  of  a  loop  or  loops  a  and  ^,  the  same  armature  yields 
either  an  alternating  or  a  uni-directed  current,  according  as  they 
are  attached  to  a  pair  of  collecting  rings  or  to  one  split-ring 
commutator. 

So  far  the  rotating  inductor  has  been  one  whose  length  is 
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parallel  to  the  axis  of  rotation  ;  we  now  pass  to  the  second  or  (b) 
group  of  Class  I.,  i.e.  bipolar  dynamos,  in  which  the  length  of  the 
inductors  is  at  right  angles  to  the  axis  of  rotation,  as  in  fig.  39,  b. 
Now  for  a  dynamo  to  belong  to  Class  I.  it  is  necessary  that  the 
inductor  should  cut  the  same  lines  twice  in  different  directions, 
which  cannot  be  done  so  long  as  the  arrangement  is  that  of  fig. 
39,  B,  and  so  long  as  reciprocating  or  oscillatory  motion  is  im- 
possible. Nothing,  however,  prevents  us  from  breaking  the 
magnetic  circuit  at  another  point,  c  (fig.  39),  and  bringing  this 
second  air-gap  into  the  circular  path  of  the  inductor.  In  fig.  49 
let  B  be  a  circular  ring  of  iron  with  two  pole-pieces,  n  and  s,  pro- 


Tim^  from  OaiUrraiwraiofM. 
Fig.  49. —Inductors  at  right  angles  to  axis  of  rotation. 

jecting  from  one  side  of  it ;  lines  of  induction  entering  at  s  will 
divide  and  pass  round  b  in  two  groups  by  either  branch  of  the 
magnet  (as  shown  by  dotted  lines)  and  reunite  in  the  n  pole-piece, 
whence  they  emerge  into  the  air-gap.  Now,  if  we  arrange  a  second 
iron  ring,  a,  on  the  other  side  of  the  inductor,  the  lines  will  enter 
into  it  and  pass  in  a  similar  manner  round  the  two  halves  of  a, 
and  reunite  to  emerge  opposite  to  the  s  pole-piece,  thus  completing 
their  tour  of  the  magnetic  circuit.  The  inductor  a  b  will  now  cut 
the  same  lines  twice  in  each  revolution  in  different  directions  at 
a  different  portion  of  their  path,  and  the  E.M.F.  induced  in  it  will 
be  first  radially  outwards  from  the  centre,  and  then  inwards  towards 
the  centre,  according  as  it  cuts  the  upper  or  the  lower  group.  With 
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this  arrangement  it  is  easy  to  make  the  air-gap  short  by  bringing 
the  two  portions  of  the  magnetic  circuit  close  together,  leaving 
only  sufficient  room  for  the  clear  rotation  of  the  inductor.  But 
the  same  necessity  exists,  as  before,  of  connecting  two  or  more 
such  inductors  together  in  series  in  order  to  add  up  their  E.M.F.'s. 
Since  the  direction  of  the  magnetic  field  in  the  air- gap  is  parallel 
to  the  axis  of  rotation,  the  several  inductors  must  be  arranged 
somewhat  as  the  spokes  of  a  wheel  radiating  outwards  from 
the  centre,  and  the  fields  must  be  curved  to  a  circular  shape 
in  order  to  follow  the  path  of  a  line  passing  through  the  centre  of 
the  length  of  the  inductors.     In  all  the  inductors  under  one  pair  of 


Fig.  50.— Discoidal-ring  armature  with  ttro  indncton  in  series. 


poles  the  E.M.F.  will  be  directed  radially  outwards,  in  all  those 
under  the  opposite  pair,  radially  inwards,  and  this  must  be  our 
guide  in  connecting  them  together.  As  in  the  case  of  Group  a  of 
Class  I.  two  methods  present  themselves  which  are  exactly 
analogous  to  the  ring  and  drum  windings  :  by  the  first,  inductor  i 
is  joined  in  series  with  its  next  neighbour,  2;  by  the  second  it  is 
joined  to  the  inductor  2',  which  is  nearly  opposite. 

(i)  By  the  flat  or  discoidal-ring  method  a  connecting  piece 
of  wire  is  passed  round  and  through  a,  so  as  to  join  the  outer  end 
oiab  with  the  inner  end  of  the  inductor  by  its  side.  The  result 
is  an  arrangement  (fig.  50)  exactly  analogous  to  the  ring  annature 


Digitized  by  VjOOQ  IC 


122  THE  DYNAMO 

of  fig.  46,  and  the  iron  A,  which  now  becomes  an  armature  core, 
and  is  rotated  with  the  inductors,  serves  exactly  the  same  pur- 
poses, viz.  guidance  of  the  lines  in  the  required  path  and  me- 
chanical support  to  the  armature  winding.  The  only  change  in- 
troduced has  been  the  flattening  out  of  the  cylindrical  ring  core 
until  its  radial  depth  is  greater  than  its  length  parallel  to  the  axis 
of  rotation,  and  it  assumes  a  discoidal  form  ;  the  polar  surfaces  are 
then  presented  to  the  ends  of  the  cylinder  instead  of  to  its  peri- 
phery. But  now  a  second  magnet  (shown  dotted,  fig.  50)  can  be 
presented  to  the  other  face  of  the  flat-ring  core,  the  poles  of  this 
second  magnet  being  exactly  opposite  to  those  of  the  first  and  of 
the  same  sign.  Th'b  lines  will  thus  enter  the  core  from  both  sides 
alike,  and  will  pass  in  opposite  directions  round  the  armature, 
to  leave  it  where  the  second  set  of  poles  is  presented  to  its  sur- 
face. By  this  means  both  sides  of  the  winding  become  active,  and 
the  inactive  connectors  are  reduced  to  the  short  lengths  of  wire 
at  the  top  and  bottom  of  the  core.  The  whole  arrangement  may 
be  evolved  out  of  a  ring  armature,  which,  besides  the  external  poles 
presented  to  its  outer  surface,  has  also  a  pair  of  internal  poles 
arranged  exactly  opposite  to  tiie  external  poles,  a  N.  facing  a  N., 
and  a  S.  opposite  to  a  S.,  so  as  to  render  the  internal  portion  of 
the  connecting  wire  active  (fig.  51).  The  entire  loop  of  the  flat- 
ring  machine,  although 
containing  two  inductive 
portions,  should  therefore 
be  regarded  as  equivalent 
to  a  single  loop  of  the  ring, 
the  lines  of  one  field  being 
simply  divided  into  two 
portions,  one  on  either  side 
of  the  core. 
,     , .        .         By  bringing  the  ends 

Fig.  51.— Ring  armature  with  external  and  internal       ^     ,  .     , . 

poles.  of  the  wmdmg  to  a  pair 

of  collecting  rings,  similar 
to  those  of  fig.  47,  the  dynamo  becomes  a  discoidal-ring 
alternator. 

(2)  The  second,  or  true  *  disc  *  method  of  connecting  two 
radial  inductors  in  series  will  be  to  join  the  outer  end  of  one 
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inductor  by  a  connecting  piece  passing  round  the  periphery  to  the 
outer  end  of  another  inductor,  situated  nearly  diametrically 
opposite,  under  the  second  pair  of  poles  (fig.  53),  the  loop  being 
completed,  if  required,  by  a  second  connector,  joining  the  inner 
ends  of  two  inductors,  so  as  to  render  a  series  of  continuous  loops 
possible.  The  iron  portion,  A,  of  fig.  49  now  forms  no  portion  of 
the  armature,  and  remains  stationary  :  it  simply  serves  to  complete 
the  magnetic  circuit,  which  is  cut  at  two  points,  and  is  exactly 
analogous  to  b.  Opposite  poles  are  of  opposite  sign,  and  the  lines 
pass  straight  across  each  air-gap  from  one  pole-piece  to  the  other. 
In  this,  which  may  be  called  the  true  disc  machine,  it  will  be  seen 
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Fig.  sa.— Disc  armature  with  two  inductors  in  series. 

that  the  inductors  are  actually  in  the  central  plane  of  rotation, 
whereas  in  the  previous  flat  or  discoidal-ring  machine  they  are 
arranged  in  a  plane  to  the  side  of  and  parallel  with  the  central 
plane  of  rotation.  The  peculiarity  of  the  true  disc  winding  is  that 
it  is  indifferent  whether  the  loop  be  wound  on  an  iron  core  or  not. 
A  supporting  core  may  be  necessary,  but  it  need  not  be  of  iron  so 
as  to  guide  the  lines  in  the  right  direction  through  the  air-gap, 
since  the  two  opposite  poles  can  be  brought  close  together,  only 
allowing  sufficient  room  for  the  coils  to  pass  between ;  and  hence, 
if  an  iron  core  is  present,  it  can  only  fulfil  its  first  function  of  re- 
ducing to  a  minimum  the  exciting  power  required  to  produce  a 
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certain  field.  Just  as  the  discoidal-ring  armature  can  be  evolved 
out  of  the  simple-ring  armature  with  two  pairs  of  poles  external 
and  internal,  so  this  second  method  is  in  reality  drum  winding 
adapted  to  a  disc.  If  we  replaced  the  core  inside  the  drum  winding 
with  a  pair  of  internal  N.  and  S.  poles,  respectively  facing  the  S. 
and  N.  poles  of  the  field,  and  then  imagine  one  end  of  the  arma- 
ture to  be  gradually  enlarged,  and  the  other  reduced  in  size,  it 
would  take  the  form  of  a  truncated  cone,  which  would  become 
flatter  and  flatter ;  finally,  the  winding  would  be  turned  into  a  flat 
disc,  and  the  external  and  internal  poles  will  be  converted  into  two 
pairs  of  poles  arranged  on  either  side  of  the  disc. 

It  would  appear  at  first  sight  as  if  the  disc  bipolar  machine  had 
two  fields,  and  therefore  that  it  must  of  necessity  have  at  least  four 
poles,  and  so  not  be  bipolar ;  but  although  this  is  to  a  certain 
extent  true,  yet  there  is  no  radical  difiference  between  the  bipolar 
ring  or  drum  and  bipolar  disc  armatures,  for  in  the  former  the 
opposite  sides  of  the  armature  core  are  in  reality  S.  and  N.  poles, 
since  by  them  the  lines  enter  and  leave  the  core,  and  therefore, 
with  equal  truth,  it  may  be  said  that  there  are  two  fields  and  four 
poles  in  the  bipolar  ring  and  drum  dynamos.  In  reality  they  are 
all  dynamos  in  which  the  inductors  have  E.M.F.'s  generated  in 
them,  the  direction  of  which  along  their  length  changes  twice  in 
each  revolution,  and  by  reason  of  that  fact  they  may  all  be  called 
*  bipolar.' 

By  the  addition  of  a  split-ring  commutator,  to  which  the  ends 
of  the  loops  of  the  discoidal  and  true  disc  winding  are  attached, 
we  obtain  continuous-current  discoidal  and  disc  machines. 

The  principles  on  which  the  dynamos  of  Class  I.  are  based 
have  now  been  diagrammatically  exhibited  in  the  case  of  bipolar 
dynamos  ;  the  further  examination  of  their  multipolar  forms  will 
be  found  to  present  no  special  difficulty,  and  will  be  postponed  for 
subsequent  treatment. 

We  now  pass  to  dynamos  of  Class  II.,  or  those  in  which  each 
inductor,  when  cutting  lines  of  induction,  is  always,  at  any  moment 
during  the  revolution,  cutting  them  in  the  same  direction,  and 
further  never  cuts  any  line  twice  in  one  revolution  ;  hence  the 
E.M.F.  generated  in  each  inductor  always  has  the  same  direction 
along  its  length,  or  is  never  reversed.     As  before,  we  may  sub- 
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divide  the  class  into  the  two  groups  of  (a)  those  in  which  the 
inductors'  active  lengths  are  parallel  to  the  axis  of  rotation,  and 
(b)  those  in  which  they  are  at  right  angles  to  the  axis  of  rotation. 
Consider  a  single  inductor  rotated  between  two  curved  pole- 
pieces,  as  in  fig.  53  ;  the  E.M.F.  generated  in  these  two  cases  will 
be  always  in  the  same  direction  along  the  inductor's  length,  and  it 
will  last  so  long  as  the  inductor  is  moving  through  the  field.  Now 
if  in  both  cases  the  pole-pieces  are  made  tubular,  there  will  be  no 
break  in  the  E.M.F.,  which  will  be  maintained  continuously  at  a 
constant  value  (fig.  54),  and  if  the  circuit  be  completed  by  joining 
the  ends  of  the  inductor  by  rubbing  contacts  to  an  external  resist- 
ance, we  have  a  unipolar  dynamo  giving  a  uni-directed  E.M.F. 
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Fig.  S3.— Unipolar  dynamos. 


and  current,  both  externally  and  within  the  armature  itself.  In  the 
second  or  b  case,  where  the  inductor's  length  is  at  right  angles  to 
the  axis  of  rotation,  it  is  simpler  to  mount  the  field  magnet  on  the 
spindle  as  shown,  thus  making  it  the  rotating  portion,  and  allowing 
the  armature  to  remain  stationary  ;  if  the  direction  of  rotation  be 
the  same  as  in  previous  cases,  the  E.M.F.  in  the  inductor  will  be 
directed  radially  inwards. 

Several  such  inductors  can  be  arranged  symmetrically  round 
the  axis  of  rotation,  as  in  fig.  55,  and  these  can  be  placed  in 
parallel,  so  as  to  carry  a  larger  current,  but  without  any  increase 
of  E.M.F.,  until  finally,  when  the  whole  available  space  is  occupied, 
we  arrive  at  a  solid  tubular  inductor,  or  a  solid  circular  disc  of 
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metal,  which  may  be  resolved  mentally  into  a  number  of  contiguous 
strips  in  electrical  contact  with  each  other ;  the  action  is  the 
same  as  if  there  were  only  one  inductor. 

But,  as  stated  before,  the  E.M.F.  which  can  be  thus  produced 
is  very  small,  and  in  order  to  increase  this,  two  or  more  inductors 
must  be  connected  in  series.  Let  us  consider  the  applicability  of 
the  previously-examined  methods  of  the  ring,  drum,  discoidal,  and 
disc  winding.     In  order  to  adapt  the  ring  armature  to  this  class 
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Fig.  54. 

of  machine,  it  is  evident  that  when  an  inductor  on  the  external 
periphery  of  the  core  has  cut  all  the  lines  as,  ^.^.,  they  enter 
the  core  on  the  right-hand  side  (fig.  56),  the  direction  of  E.M.F. 
will  be  reversed  in  it  unless  it  avoids  the  lines  as  they  bsue 
from  the  core :  this  will  be  effected  if  the  other  pole  on  the 
opposite  side  of  the  core,  instead  of  being  external,  as  usual,  be 
placed  inside  the  ring,  provided  that  the  dimensions  of  the  ring 
are  such  that  the  lines  will  not  leak  across  inside  in  a  direction 
unsuitable  to  our  purpose.    In  fig.  56  the  new  internal  position 
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of  the  second  pole  is  shown,  together  with  the  new  path  of 
the  liner  <^  induction.  The  armature  must  now  be  supported 
ftom  one  end  only, 
while  the  curved  horse- 
shoe magnet,  shown  in 
section  at  m,  bends 
round  at  the  oUier  end, 
one  pole  embracing  the 
outside  and  the  other 
projecting  into  the  inte- 
rior of  the  ring.  But 
at  once  it  is  evident  that 
the  inner  wires  of  the 
loops,  which  previously 
formed  inactive  connect- 
ing pieces  coupling  together  the  e:itemal  inductors,  will  themselves 
become  active  inductors  when  the  loops  pass  the  inner  pole- 
piece,  and  that  they  will  be  coupled  together  by  the  conductors 
on  the  outside  of  the  ring.  Hence  the  same  conductors  will 
serve  first  as  inductors  and  then  as  connectors ;  the  E.M.F. 


Fig.  55.— Unipolar  continaou»>current  annatures. 


Fig.  56.— Ring  unipolar  dynamo  with  two  inductors  in  series. 

generated  in  each  conductor  will  be  always  in  the  same  direction 
along  its  length,  but  round  the  loops  the  E.M.F.  will  alternate. 
We  have  thus  obtained  a  loop  in  which  the  E.M.F.  alternates, 
and  from  it,  by  attaching  the  ends  to  a  pair  of  collecting  rings,  a 
unipolar  ring  alternator. 

The  drum  winding  is  difficult  of  application  to  the  present 
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purpose,  since  it  involves  a  moving  joint  in  the  magnetic  circuit, 
the  core  forming  itself  one  pole,  and  the  lines  issuing  out  of  the 
end  of  the  drum. 

In  the  case  of  the  discoidal-ring  armature,  with  the  loop  wound 
round  and  through  the  core,  the  same  idea  can  be  applied  as  in 
the  case  of  the  simple  ring  armature  ;  for  if  the  S.  pole  be  shifted 
to  the  opposite  side  of  the  ring  from  the  N.  pole  (fig.  57),  opposite 
sides  of  the  loop  will  alternately  act  as  inductors,  and  the  E.M.F. 
will  alternate  round  the  loop.  The  two  poles  in  this  arrangement 
must  not  overlap  each  other,  and  the  lines  must  pass  in  a  sloping 
direction  across  the  core. 


Fig.  57.— Disooidal-riBg  unipolar  dirnamo  with  two  inductors  in  series. 

In  ring  and  discoidal  unipolar  alternators,  therefore,  the  two  poles 
are  arranged  either  outside  and  inside  the  core,  or  one  on  either 
side  of  it ;  hence  we  are  not  mechanically  prevented  from  making 
each  field  extend  over  more  than  half  the  circumference  of  the 
mean  path  described  by  the  rotating  inductors  ;  but  this  is  not 
electrically  permissible  any  more  than  in  the  case  of  bipolar  arma- 
tures, since  were  it  done  there  would  be  no  distinction  always 
present  between  the  wires  which  are  inductors  for  the  time  being 
and  those  which  are  mere  connectors.  If  this  distinction  is  not 
maintained,  and  both  sides  of  the  loop  are  allowed  to  be  moving 
under  the  pole-pieces  simultaneously,  the  E.M.F. 's  generated  in 
the  two  sides  act  in  opposition  to  each  other,  or,  as  it  is  termed,  act 
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*  differentially,'  the  net  effective  E.M.F.  being  simply  the  difference 
between  the  two.  Any  such  differential  action  is  therefore  detri- 
mental to  the  proper  working  of  the  machine. 

The  same  holds  good  when  we  come  to  apply  the  disc  method 
of  forming  a  loop  to  unipolar  armatures.  If  the  field  or  fields  be 
separated  and  clearly  marked  off  by  a  neutral  space  or  spaces, 
through  which  no  lines  of  induction  pass,  then  one  side  of  each 
loop  can  act  as  inductor,  and  the  other  side  as  connector,  provided 
that  the  width  of  the  loop  is  at  least  equal  to  the  width  of  the 
field,  and  also  is  not  greater  than  the  width  of  the  neutral  space. 
The  three  widths  must  be  measured  along  the  circular  path  tra- 
versed by  the  rotating  magnet  or  loop,  and  therefore  their  actual 
dimensions  vary  according  as  the  circle  along  the  circumference 
of  which  they  are  measured  be  taken  at  the  outside,  middle,  or 
inside  of  the  inductor's  length  ;  it  is,  however,  sufficient  to  consider 
only  their  widths  as  measured  on  the  circle  passing  through  the 
centre  of  the  inductor's  length,  which  gives  the  mean  path  tra- 
versed. The  conditions  stated  above  which  govern  the  width  of 
the  loop  are  necessitated  by  the  £act  that  the  connector  for  the 
time  being  must  be  outside  any  field  of  lines  in  order  to  avoid 
differential  action.  For  example,  in  fig.  58,  which  represents  a  uni- 
polar disc  alternator  with  rotating  field  magnet  and  stationary 
armature,  while  the  leading  edge  moves  from  i  to  3  no  lines 
traverse  c  d^  and  therefore  no  E.M.F.  is  induced  in  it ;  but 
when  by  further  rotation  the  leading  edge  moves  from  3  to  i^ab 
does  not  in  turn  cut  any  lines  itself,  and  consequently  the  E.M.F. 
is  induced  only  in  cd.  Hence  the  E.M.F.  is  alternating  in 
direction  round  the  loop  as  one  side  or  the  other  forms  the  active 
inductor,  but  in  the  conductor,  which  is  for  the  time  being  cutting 
lines  or  acting  as  inductor,  it  is  always  in  the  same  direction  along 
its  length.  It  is  evident  from  the  diagram  that  the  field  must  not 
under  any  circumstances  extend  over  more  than  half  the  circum- 
ference of  the  mean  circle  described  by  the  inductor,  the  width  of 
the  loop  being  also  equal  to  half  the  circumference,  since  other- 
wise the  two  sides  of  the  loop  will  both'  be  cutting  lines  in  the 
same  direction,  and  therefore  acting  differentially. 

The  distinctive  feature  of  the  ring,  discoidal  and  disc  loops, 
when  applied  to  unipolar  machines,  is  that  they  are  a  device  for 
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subsequently  joining  two  active  inductors  in  series  ;  they  do  not 
themselves  do  so.  In  this  they  resemble  the  loop  of  the  ring 
bipolar  armature,  but  may  be  distinguished  by  the  fact  that  in  the 
latter  the  connecting  wires  never  become  inductors,  whereas  in 
unipolar  rings  first  one  side  of  the  loop  and  then  the  other  is 
active.     Thus,  in  the  unipolar  armature  there  is  never  more  than 


Fig.  58.  —  Disc  unipolar  dynamo  with  two  inductors  in  series. 

one  active  inductor  at  any  one  time  in  each  loop.  Even  in  disc 
unipolar  machines  the  loop  does  not  itself  join  two  inductors  in 
series,  though  it  forms  a  starting-point  by  which  it  can  be  done  ; 
and  hence  the  action  of  disc  machines,  however  similar  their 
winding  in  appearance,  is  entirely  different  according  as  they  are 
bi-  or  uni-polar. 

By  connecting  a  split-ring  commutator  to  the  ends  of  the  loops 
the  unipolar  machine  can  be  reconverted  into  a  dynamo  giving  a 
uni- directed  E.M.F.  and  current  in  the  external  circuit. 


Digitized  by  VjOOQ  IC 


I3« 


CHAPTER   VIII 

BIPOLAR    AJ^D   MULTIPOLAR    ALTERNATORS 

The  previous  chapter  has  shown  the  methods  by  which,  in  the 
bipolar  dynamo,  two  inductors  are  connected  together  in  series,  so 
as  to  form  a  pair  of  loops  in  the  case  of  the  ring  and  discoidal-ring 
armatures,  or  a  single  loop  in  the  case  of  the  drum  and  true  disc 
armatures  ;  the  next  step  will  be  the  formation  of  a  *coiV  or  coils, 
of  many  such  loops  and  their  several  modes  of  connection  in 
order  to  still  further  increase  the  total  E.M.F.  of  the  machine. 

From  the  nature  of  the  loops  described  in  Chapter  VII.  it  is 
evident,  as  has  been  already  pointed  out,  that  they  can  be  multi- 
plied by  simply  winding  more  of  the  wire  continuously  on  to  the 
core  after  exactly  the  same  fashion  as  the  original  loop,  since  the 
end  of  one  loop  will  serve  as  the  starting-point  for  the  next.  If 
these  several  loops  are  wound  on  the  top  of  each  other  in  the  case 
of  the  ring  or  drum  armatures,  or  by  the  side  of  each  other  in  the 
case  of  the  true  disc,  each  loop  will  produce  exactly  the  same 
E.M.F.  as  the  first  original  loop,  provided  the  strength  of  field  be 
kept  the  same  ;  but  if  the  winding  be  thus  piled  up  in  two  or  more 
layers,  the  length  of  the  air-gap  is  necessarily  increased,  and, 
therefore,  with  a  given  exciting  power,  the  strength  of  field  is 
greatly  reduced.  Hence  it  is  advantageous  to  wind  the  loops  side 
by  side  in  ring  and  drum,  or  on  the  top  of  each  other  in  disc 
armatures,  so  as  to  permit  of  the  retention  of  the  same  air-gap  as 
for  a  single  loop. 

Fig.  59  shows  the  loop  thus  wound  for  equivalent  armatures  of 
the  ring,  discoidal,  drum,  and  disc  types,  in  all  of  which  four  in- 
ductors are  joined  together  in  series.  As  before,  the  two  free  ends 
of  the  loops  are  connected  to  two  collecting  rings,  one  of  which  in 
the  diagrams  is  shown  of  large  diameter  in  order  to  be  visible 
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behind  tfie  other  ;  the  whole  then  forms  a  bipolar  alternator,  from 
which  current  is  taken  by  means  of  the  brushes. 

But  when  the  loops  are  wound  as  shown  in  fig.  59,  they  have 
a  certain  width,  and  do  not  therefore  all  occupy  identically  the 
same  position  relatively  to  the  polar  surfaces  at  any  point  of  a 
revolution ;  consequently  the  E.M.F.  induced  in  the  different 
loops  forming  the  coil  need  not  at  the  same  moment  be  always 


Fig.  59.— Bipolar  annatares  with  four  inductors  in 


alike,  either  in  direction  or  amount,  and  this  renders  it  necessary 
to  carefully  consider  the  effect  of  the  width  of  a  coil. 

Let  us  call  a  circle  drawn  round  the  external  surface  of  the 
armature,  and  passing  through  the  middle  of  the  length  of  the 
inductors,  the  mean  ' pitch-line,'  the  'pitch'  being  the  distance 
measured  along  this  line  between  the  centres  of  a  pair  of  poles  of 
opposite  sign  ;  just  as,  in  a  toothed  wheel,  the  pitch  is  the  distance 
measured  along  the  pitch-line  from  the  centre  of  one  tooth  to  the 
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centre  of  the  next  The  pitch-hne  is  thus  the  mean  path  traversed 
by  the  rotating  inductors  or  fields,  as  explained  on  p.  129 ;  e,g,,  if 
the  ring  armature  of  fig.  59  be  imagined  to  be  cut  across  along 
the  line  marked  x,  and  flattened  out,  as  in  fig.  60,  a  a  is  the  pitch- 
line  and  a  b  the  pitch. 

In  the  following  discussion  the  widths  of  each  field  of  mag- 
netic lines,  of  the  neutral  space  between  two  fields,  and  of  the  coil, 
are  all  measured  along  the 
pitch-line,  and  are  ex- 
pressed in  terms  of  the 
pitch    as    the     unit      of 

measurement.  . 

4< »k 

Take  first  the  case  of  pt^tck 

ring     and     discoidal-ring        ^'°-  <5o.-i>evdopiMt^^^«nn«ture  showing 
armatures.     In    all    cases 

the  E.M.F.  generated  in  each  inductor  as  it  moves  under  a  N. 
pole  will  be  in  the  opposite  direction  along  its  length  to  that 
which  is  induced  in  it  when,  as  its  rotation  is  continued,  it  passes 
under  a  S.  pole ;  and  when  loops  are  wound  on  to  a  ring,  so  as  to 
form  a  continuous  coil,  and  the  E.M.F.'s  generated  in  their  active 
sides  are  to  be  added  to  each  other,  they  must  be  in  the  same 
direction  along  the  lengths  of  contiguous  inductors.  On  this  con- 
sideration, then,  must  be  based  the  principle  governing  the  width 
of  a  coil  in  ring  and  discoidal  alternators,  viz.  that  the  loops 
of  one  and  the  same  coil  must  never  be  moving  at  the  same  time 
under  two  poles  of  opposite  sign,  otherwise  the  E.M.F.  generated 
in  the  portion  of  the  coil  which  is  moving  under  a  N.  pole  will  be 
in  the  opposite  direction  round  the  coii  to  that  which  is  generated 
in  the  portion  moving  under  a  S.  pole,  and  they  will  tend  to 
neutralise  each  other  ;  in  other  words,  the  two  portions  of  the  coil 
will  act  'differentially,'  the  resultant  E.M.F.  being  only  the  differ- 
ence between  the  sums  of  the  E.M.F. 's  generated  respectively  in 
the  two  portions.  The  problem  before  us  is  the  proper  propor- 
tioning of  the  widths  of  field  and  coil,  so  as  to  make  the  best  use 
of  an  armature  of  given  dimensions  running  at  a  given  speed. 

First  let  us  consider  the  effect  of  overwinding  the  entire  core 
throughout  with  loops  forming  one  continuous  coil  (fig.  61)  ;  in 
this  extreme  case  it  will  be  seen  from  the  diagram  that,  whatever 
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the  width  of  the  field,  the  single  coil  must  always  be  under  both 
poles  at  the  same  time,  and  consequently  there  will  always  be 
differential  action  between  inductors  on  opposite  sides  of  the  core  ; 
further,  the  E.M.F.  produced  on  either  side  being  at  any  moment 
exactly  equal,  the  resultant  E.M.F.  is  nil.  If,  however,  instead  of 
forming  one  single  coil,  the  winding  be  divided  into  two  separate 
portions,  as  in  the  ring  ot  fig.  62,  where  one  of  the  two  portions  b 
is  shown  dotted,  the  action  of  b  will  be  exactly  similar  to  the  action 
of  the  other  portion,  a,  both  in  phase  and  intensity.  It  will  suf- 
fice, therefore,  in  the  first  place,  to  consider  the  action  of  one  half 
of  the  ring,  a,  apart  from  the  other,  b  ; 
having  determined  the  proper  width  of 
coil  A,  we  shall  also  have  determined 
the  proper  width  of  coil  p,  and  it  will 
remain  to  be  seen  how  the  two  coils,  a 
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Fig.  62. 


and  B,  can  afterwards  be  coupled  together  in  order  to  produce 
a  useful  result. 

Starting,  therefore,  with  coil  a  of  width  equal  to  the  pitch,  let 
us  first  make  the  width  of  each  field  equal  to  the  pitch,  as  near  as 
may  be,  neglecting  the  fact  that  there  would  be  excessive  leakage 
of  the  lines  across  from  each  edge  of  the  poles  into  the  opposite 
edges,  where  they  come  into  close  proximity  with  each  other  ;  this 
case  is  shown  in  fig.  62,  and  from  the  diagram  it  will  be  seen  that 
there  is  no  differential  action  between  opposite  ends  of  the  coil, 
just  at  the  moment  when  the  coil  is  centrally  situated  under  one 
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pole.  Immediately,  however,  that  the  coil  a  moves  from  the 
position  shown  in  fig.  62  differential  action  is  at  once  set  up ;  the 
outside  loops  at  end  b  will  be  cutting  lines  emerging  from  the  N. 
pole,  while  those  at  end  a  are  still  cutting  lines  entering  into  the 
S.  pole  ;  and  consequently  the  E.M.F.  of  the  latter  loops  will  be 
partly  counterbalanced  by  the  back  E.M.F.  set  up  in  the  former. 
When  the  coil  is  exactly  midway  between  the  poles,  as  in  fig,  63, 
no  E.M.F.  at  all  will  be  obtained  from  the  coil  as  a  whole,  since 
the  outside  loops  at  b  are  cutting  lines  issuing  from  the  N.  pole  at 
the  same  rate  as  those  at  a  are  cutting  lines  entering  into  the  S. 
pole,  and  therefore  their  E.M.F.'s  are  exactly  equal  and  opposite. 
A  little  later,  however,  the  loops  at  b  will  more  than  counterbalance 
those  at  a,  until  once  again  the  coil  is  central  under  one  pole,  and 
the  maximum  E.M.F.  is  produced.  Hence,  when  the  coil  is 
entering  or  leaving  a  field,  all  the  loops  are  not  equally  active  ; 
and  if  the  width  of  the  field  be  equal  to  the  pitch,  there  is  only 
one  moment  when  there  is  no  differential  action  between  the  two 
ends  of  coil  a  (cp,  fig.  185). 

But  an  inspection  of  fig.  63  shows  that  the  time  during  which 
there  is  differential  action  depends  on  the  amount  by  which  the 
width  of  the  coil  exceeds  the  width  of  the  neutral  gap  between  the 
fields,  and  will  therefore  be  diminished  if  the  coil  be  reduced  to  a 
width  more  nearly  equal  to  the  gap.  By  so  doing,  however,  the 
number  of  inductors  in  the  coil  is  necessarily  reduced,  until  finally, 
with  a  width  of  field  equal  to  the  pitch,  and  no  appreciable  neutral 
gap,  if  the  loops  of  the  coil  are  never  at  any  moment  to  be 
moving  at  the  same  time  under  two  poles  of  opposite  sign,  the 
coil  must  have  no  appreciable  width,  but  must,  in  fact,  be  concen- 
trated approximately  into  a  single  line. 

Fig.  64  shows  a  ring  arrangement  of  this  kind  in  which  the 
width  of  the  poles  is  nearly  equal  to  the  pitch,  and  differential 
action  is  entirely  avoided  by  making  the  coil  very  narrow. 
When,  however,  this  is  so,  there  cannot  at  best  be  more  than  one 
or  two  loops,  and  therefore  the  total  E.M.F.  produced  by  the  coil 
will  be  very  low  with  any  practicable  density  of  field.  Further, 
the  greater  portion  of  the  available  space  round  the  armature  core 
on  which  loops  could  be  wound  will  not  be  utilised,  although,  when 
moving  centrally  under  one  or  other  pole,  the  coil  might  usefiilly 
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be  wider.  The  consequence,  therefore,  of  adopting  a  maximum 
width  of  field  is  that  a  minimum  width  of  coil  is  required  in 
order  to  avoid  any  differential  action. 

The  course  followed  so  far  has  consisted  in  the  reduction  of 
the  width  of  the  coil,  but,  while  still  retaining  a  coil  of  width  equal 
to  the  pitch,  it  is  also  open  to  us  to  reduce  the  width  of  the  field. 
Again,   the  portion    of    a    revolution   during   which    there    is 
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Fig.  64. 

differential  action  is  diminished,  but  if  there  is  to  be  no 
differential  action  the  width  of  field  must  be  reduced  to  a  mere 
line,  as  indicated  in  fig.  65.  Hence  the  retention  of  the  maxi- 
mum number  of  inductors  necessitates  a  minimum  width  of  field 
if  differential  action  is  to  be  avoided. 

Both  the  above  trains  of  argument,  it  will  be  seen,  lead  to  the 
same  conclusion,  viz.  that  there  will  always  be  differential  action 
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until  the  width  of  the  coil  is  reduced  to  not  more  than  the  width 

of  the  gap  between  the  two  fields  measured  along  the  pitch-line. 

We  are  thus  led  to  a  width  of  field 

less  than  the  pitch,  and  a  width  of 

winding  not  greater  than  the  gap 

between  the  two  fields.     How  large 

the  E.M.F.  induced  in  the  coil  is 

with  a  given  speed,  strength  of  field, 

and  number  of  turns  will  depend 

on  the  values  given  to  the  two  ratios 


Auiff 


width  of  6eld 


and 


width  of  winding 
pitch 


Fig.  65. 


of 


pitch 

It  will  be  observed  that  width  of 
field  has  been  spoken  of  throughout, 
and  not  width  of  pole,  owing  to 
the  fact  that  there  is  a  certain  fringe 
of  lines  spreading  out  from  the 
edges  of  the  poles,  which  renders 
the  width  of  field  greater  than  the 
width  of  pole,  and  this  difference 

must  be  taken  into  account  in  the  theory  and  design 
alternators.  In  modem  alternators  both  field  and  coils  are 
concentrated  to  different  degrees  ;  but  the  general  rule  to  which 
most  approximate  may  be  considered  to  be  width  of  winding  equal 
to  width  of  field,  and  both  equal  to  half  the  pitch. 

We  have  now,  therefore,  discussed  the  proportions  which 
should  exist  between  the  pitch  and  a  coil  wound  on  one  half  of 
the  armature  ring  in  order  that  it  may  give  its  due  E.M.F.  But 
a  second  coil  may  be  wound  on  the  other  half  of  the  armature 
core,  diametrically  opposite  to  the  first,  since  all  that  has  been 
said  about  the  first  coil  will  hold  good  equally  for  the  second  ;  this 
latter  will  give  a  useful  E.M.F.  exactly  similar  to  that  of  the  first 
coil,  both  in  phase  and  intensity ;  and,  as  has  been  hinted,  it  can 
be  usefully  connected  with  the  first,  either  in  series  or  in  parallel. 
To  do  so,  it  must  be  remembered  that  if  the  E.M.F.'s  generated 
in  the  inductors  forming  parts  of  the  coil  a  (fig.  62)  are  up  out  of 
the  plane  of  the  paper,  the  E.M.F.'s  generated  in  b  will  be  down 
through  the  paper.  Each  coil  may  be  wound  right-  or  left-handedly ; 
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just  as  a  right  handed  screw  advances  onwards  when  rotated  right 
handedly,  ue,  away  from  the  end  at  which  it  is  turned  in  a  clock- 
wise direction,  so  a  right  handed  loop  or  coil  if  imagined  to  be 
screwed  right-handedly  round  its  core  would  advance  onwards. 
Thence  it  follows  for  ring-winding  that  if  we  follow  any  inductor 
above  the  horizontal  diameter  along  the  exterior  of  the  core, 
towards  our  point  of  view,  it  will  lead  us  on  to  another  inductor 
further  towards  our  right  if  the  coil  be  n^gviZ-handed  or  further  to 
our  left  if  the  coil  be  left  handed  ;  €,g,  in  fig.  62  both  coils  are 
wound  left-handedly.     Hence,  if  the  two  coils  are  each  composed 


RUfhi^left  handed* 
Series  nunaikl 

Fig.  66.  —Series  and  parallel  connections  for  ring  alternator. 

of  one  or  any  uneven  number  of  layers,  and  are  to  be  joined  in 
series,  and  (i)  they  are  both  wound  in  the  same  direction,  the  end 
of  one  coil  must  be  taken  across  to  the  further  end  of  the  second 
coil  (fig.  66),  the  other  two  ends  being  attached  to  the  two  collect- 
ing rings  ;  or  (2)  if  they  are  wound  in  opposite  directions  the  con- 
tiguous ends  of  the  coils  are  joined  together.  If  they  are  to  be 
placed  in  parallel,  the  connections  are  exactly  the  reverse.  Having 
regard  to  the  rise  of  potential  in  each  coil,  and  ease  of  connection, 
it  will  be  seen,  from  fig.  66,  that  when  the  coils  are  in  one 
layer,  for  series  connection,  a  direction  of  winding  alternately 
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riglit-  and  left-handed  is  the  more  convenient  arrangement ;  while 
for  parallel  connectian  a  similar  diiecticm  of  irinding  in  the  two 
coils  is  the  better.  If  the  winding  is  to  be  disposed  in  two  layers, 
it  is  most  convenient  to  begin  the  winding  of  each  coil  at  its  centre 
by  laying  the  middle  part  of  the  wire  on  the  core,  and  thence 
winding  up  to  either  end  of  the  first  layer  and  back  to  the  centre ; 
thus  both  ends  of  the  coil  are  brought  to  the  centre  and  on  the 
outside  layer. 

If  both  the  coils  are  of  width  equal  to  half  the  pitch  (the  most 
usual  proportion),  as  shown  at  the  top  of  fig.  70,  it  will  be  seen  that 
only  half  the  totsd  surface  of  the  armature  core  is  covered  with 
winding,  and  this  is  grouped  into  two  distinct  coils.  We  can,  in 
fact,  already  see  the  reason  for  the  peculiar  characteristic  of  the 
alternator  which  distinguishes  it,  not  only  in  action,  but  even  in 
appearance,  from  the  dynamos  to  be  described  later,  which  give  a 
uni-directed  current.  In  the  alternator  the  inductors  are  concen- 
trated into  coils  sharply  separated  off  from  one  another  by  inter- 
vening spaces  of  core  on  which  there  is  no  winding,  and  of  these 
coils  the  bi-  and  multi-polar  ring  or  discoidal  alternators  have  as 
many  as  there  are  poles  of  opposite  signs.  Further,  when  enter- 
ing or  leaving  a  magnetic  field,  all  the  turns  are  not  equally  active, 
but  only  gradually  come  into  play,  the  inductive  effect  of  each 
inductor,  as  it  enters  the  field,  being  added  on  to  the  E.M.F.  pro- 
duced in  those  inductors  which  are  already  cutting  the  lines  of  the 
pole  under  which  they  are  moving.  Owing  to  this  action  the 
E.M.F.  of  each  coil  as  a  whole  rises  gradually  to  a  maximum 
when  centrally  situated  under  a  pole,  and  then  gradually  falls  to 
zero,  to  rise  again  to  a  maximum  in  the  opposite  direction.  Con- 
sequently the  curve  of  impressed  E.  M .F.  for  a  whole  coil  during 
one  complete  revolution  has  an  undulatory  shape  very  similar  to 
the  sine  curve  of  fig.  25  ;  thus  in  fig.  67  each  of  the  small  curves 
represents  the  E.M.F.  induced  in  one  turn  of  the  coil,  and  by  the 
addition  of  these  small  curves  the  large  curve  is  obtained  which 
closely  resembles  a  sine  curve,  although  its  component  curves  are 
much  flatter  and  show  no  marked  peak. 

On  passing  to  bipolar  alternators  whose  armatures  are  wound 
on  the  drum  or  true  disc  method,  the  governing  principle  which 
determines  the  width  of  winding,  viz.  the  avoidance  as  far  as 
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VOLTS- 


possible  of  differential  action  between  portions  of  one  and  the 
same  coil,  is  precisely  the  same  as  in  the  ring-wound  armature ; 

but  the  required  conditions 
must  be  modified  in  order 
to  suit  the  changed  nature  of 
the  case  ;  for  in  the  drum 
and  disc,  as  opposed  to 
ring  or  discoidal,  armatures, 
while  the  opposite  sides  of 
each  loop  must  always  be 
moving  under  poles  of  oppo- 
site sign,  one  side  of  a  coil 
must  never  be  moving  at  the 
same  time  under  two  poles  of 
opposite  sign,  if  there  is  to 
be  no  differential  action. 
Starting  with  this  rule,  let  us 
pursue  the  same  course  as  in 
the  case  of  ring  armatures. 

From  the  nature  of  the 
winding,  the  maximum  width 
which  a  coil  can  have  is  twice 
the  pitch,  each  side  having  a 
width  equal  to  the  pitch,  as  is  shown  in  the  diagram  of  a  drum 
armature  in  fig.  62.  Such  an  arrangement  is  the  exact  equivalent 
of  the  ring-wound  armature  shown  at  its  side,  wound  with  two  coils 
each  having  a  width  equal  to  the  pitch,  and  connected  together  in 
series ;  even  when  the  width  of  field  be  equal  to  the  pitch  (as 
before  neglecting  the  question  of  leakage)  there  is  still  a  moment 
in  each  half-revolution,  viz.  that  shown  in  fig.  62,  when  there  is 
no  differential  action.  At  any  other  moment,  however,  there  will 
be  differential  action,  and  the  time  during  which  such  differential 
action  lasts  can  only  be  reduced  by  reducing  either  the  width  of 
the  winding  on  each  side  of  the  coil  or  the  width  of  the  field,  or 
both.  If  there  is  never  to  be  any  differential  action  at  all,  and 
the  width  of  field  be  retained  at  its  maximum,  the  side  of  the  coil 
must  have  no  appreciable  width,  and  the  inner  and  outer  loops  of 
the  coil  must  be  taken  off,  until  only  one  or  two  remain,  and  the 
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Fig.  67.— Combined  E.M.F.  of  coil. 
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width  of  the  coil  is  equal  to  the  pitch  (fig.  64).  If,  on  the  other 
hand,  the  maximum  number  of  inductors  is  still  retained,  the 
width  of  the  field  must  be  reduced  to  a  mere  line  in  order  to  avoid 
all  differential  action  (fig.  65). 

Again,  therefore,  we  are  led  to  a  compromise  between  width 
of  winding  and  width  of  field.  Since  opposite  sides  of  each  loop 
must  never  be  moving  under  the  same  pole,  the  inner  loop  which 
has  the  minimum  width  must  not  be  less  in  width  than  the  field, 


JSipolar€t&trn^&rarmatar»with,windtnfincneeeil 

Fk.  68. 


and,  further,  since  one  side  of  a  coil  must  never  be  moving  under 
two  poles  of  opposite  signs,  the  width  of  the  winding  in  one  side 
of  a  coil  must  not  be  more  than  the  width  of  the  gap  between  the 
two  fields ;  only  under  these  conditions,  which  are  represented  in 
the  drum  and  disc  armatures  of  fig.  68,  will  differential  action  be 
avoided.  The  second  of  the  two  conditions  determines  the  per- 
missible width  of  winding  in  the  bipolar  drum  or  disc  alternator 
when  wound  with  a  single  coil,  as  in  fig.  68;  but  this  single  coil 
may  equally  well  be  regarded  as  divided  into  two  separate  coils. 
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each  giving  an  E.M.F.  exactly  similar  in  phase  and  intensity,  and 
connected  in  series.  If  the  drum  or  disc  armature  of  fig.  68  be 
cut  down  to  the  spindle  along  the  line  x  o  and  flattened  out,  then 
if  the  inactive  end-connectors  are  entirely  on  one  side  of  the  spindle, 
as  shown,  the  development  of  the  flattened-out  armature  shows  in 
plan  one  single  coil  containing  two  groups  of  inductors  with 
E.M.F.*s  in  opposite  directions,  as  viewed  from  either  end  (fig.  68). 
If,  however,  the  single  coil  be  divided  into  two  halves  by  taking 
one  half  of  the  connectors  round  on  either  side  of  the  shaft,  as 
in  fig.  69,  the  same  two  groups  of  inductors  are  divided  into  two 
separate  coils  in  which  the  current  circulates  in  opposite  directions 
without  in  any  way  affecting  the  total  E.M.F.  When  so  divided 
the  depth  of  the  connecting  pieces,  which  join  together  the  in- 
ductors, is  halved,  and  consequently  space  is  economised,  as  is  seen 
by  comparing  the  bipolar  drum  and  disc  armatures  of  figs.  68  and 
69;  and  this  advantage  becomes  even  more  marked  in  the  case  of 
multipolar  drum  and  disc  alternators.  Further,  the  two  separate 
coils  can  now  be  connected  in  parallel  equally  as  well  as  in  series; 
when  they  are  to  be  connected  in  parallel  it  is  advantageous  to 
wind  them  in  opposite  directions,  as  shown  in  fig.  69  (2),  since 
then  the  adjacent  wires  of  the  two  coils  are  always  at  the  same 
potential. 

When  thus  divided  the  width  of  each  of  the  two  coils  is  equal 
to  the  pitch  ;  in  other  words,  the  outer  loop  spans  the  diameter  of 
the  armature,  and  the  width  of  each  side  of  each  coil  is  equal  to 
half  the  gap  between  the  fields. 

We  thus  arrive  at  two  coils  for  a  bipolar  drum  or  disc,  as  for 
a  ring,  alternator,  i.e.  as  many  coils  as  there  are  poles  in  the  case 
of  drum,  or  as  there  are  pairs  of  poles  in  the  case  of  disc  alter- 
nators ;  and  the  principles  which  govern  their  width  are  identical, 
the  most  general  proportions  being  width  of  inner  loop  equal  to 
width  of  field,  and  both  equal  to  half  the  pitch,  the  outer  loop 
having  a  width  equal  to  the  pitch.  This  leads  to  the  same  result 
as  for  the  ring-wound  armatures,  one  half  of  the  armature  core 
being  covered  with  winding.  Fig.  70  represents  diagrammatically 
equivalent  armatures  of  the  four  types,  each  with  its  coils  in  the 
position  of  reversal  of  direction  of  the  E.M.F.,  and  all  entirely 
avoiding  any  differential  action  ;  since  there  are  the  same  numbei 
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Fig.  &9.  -Series  and  pwalle)  connections  for  bi|)olardruin  and  disc  alternator  armatures  with 
winding  divided  into  two  coils. 
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of  inductors  similarly  disposed  in  all  the  machines,  their  curves  of 
impressed  E.M.F.  will  be  analogous,  and  in  all  will  be  approxi- 
mately sinoidal  in  shape. 

In  most  commercial  alternators  it  is  desired  to  produce  a  large 


IX 
Drum 


Fig.  70.— Bipolar  alternators  with  both  width  of  winding  and  width  of  fields 
equal  to  half  the  pitch. 

number  of  alternations  per  second,  or  a  high  *  periodicity,'  ranging 
from  40  to  140  complete  periods  per  second,  and,  further,  a  high 
E.M.F.,  usually  of  1,000  or  2,000  volts.  Each  complete  period  or 
undulation  of  the  E.M.F.,  as  shown  in  fig.  67,  is  produced  by  the 
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passage  of  a  coil  through  two  magnetic  fields  in  opposite  direc- 
tions, and  in  a  bipolar  alternator  the  pair  of  fields  is  passed 
through  once  in  each  revolution  ;  consequently  its  periodicity  is 
equal  to  the  number  of  revolutions  per  second.  If,  therefore,  the 
speed  at  which  an  armature  of  sufficient  size  to  give  the  required 
output  can  be  safely  or  conveniently  driven  is  not  sufficiently  high  to 
give  the  desired  periodicity,  it  is  necessary  while  retaining  the  same 
width  of  winding  on  the  armature  relatively  to  the  width  of  field 
to  make  the  coils  pass  through  more  than  one  pair  of  fields  in  each 
revolution.  In  other  words,  the  alternator  must  be  multipolar. 
If  we  suppose  the  bipolar  alternators  of  fig.  70  to  be  divided  along 
the  line  o  x  by  a  cut  passing  through  the  armature  core  down  to 
the  spindle,  and  then  to  be  opened  out,  so  as  to  form  a  portion  of 
a  large  cylinder  with  a  flatter  surface  or  a  larger  disc,  we  obtain 
the  results  shown  by  full  lines  in  the  left  half  of  fig.  71.  From 
this  figure  it  is  evident  that  the  pair  of  fields  to  the  left  can  be  re- 
peated indefinitely  any  number  of  times,  if  they  are  arranged 
S3rmmetrically  round  the  enlarged  armature  core,  so  as  to  form  a 
complete  circle,  a  N.  pole  and  a  S.  pole  succeeding  each  other 
alternately  all  round ;  and  the  dotted  portion  to  the  right-hand  side 
of  fig.  71  shows  a  pair  of  fields  thus  repeated.  By  thus  multi- 
plying the  number  of  pairs  of  fields  through  which  the  coils  must 
pass  in  each  revolution,  the  number  of  complete  undulations  of 
the  E.M.F.  of  the  coils  shown  in  full  lines  is  increased  correspond- 
ingly. If /=the  number  of  pairs  of  fields,  each  pair  is  passed 
once  every  revolution,  and  therefore  the  number  of  periods  in  one 
revolution  is  /.     Hence  if  Nsssthe  number  of  revolutions  per 

minute,  the  periodicity  of  the  multipolar  alternator  is  —  .  /. 

In  the  case  of  ring  and  drum  alternators,  /  is  also  the  number 
of  pairs  of  poles  :  but  in  the  case  of  discoidal-ring  and  disc 
machines  the  number  of  pairs  of  fields  is  equal  to  the  number  of 
pairs  of  poles  counted  on  one  side  only  of  the  armature,  the 
opposite  poles  forming  a  portion  only  of  the  same  fields.  If, 
therefore,  p=the  number  of  poles  round  a  ring  or  drum  armature, 
or  on   one  side  only  of  a  discoidal-ring  or  disc  armature,  the 

tormula  for  the  periodicity  may  be  put  in  the  form p. 
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Hence,  by  increasing  the  number  of  pairs  of  fields,  the  perio- 
dicity of  the  multipolar  alternator  for  a  given  number  of  revolutions 
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Fiw.  71.— Portion  of  armatures  of  multipolar  alternators. 

per  minute  can  be  raised  to  any  required  figure.     A  very  usual 
periodicity  is  100,  or,  as  it  is  symbolically  expressed,   100  ~ :  the 


Digitized  by  VjOOQ  IC 


BIPOLAR  AND  MULTIPOLAR  ALTERNATORS      147 

larger  the  output  and  size  of  the  alternator,  the  slower  the  speed 
at  which  it  is  desirable  to  drive  it ;  consequently  the  number  of 
poles  required  to  give  a  periodicity,  or,  as  it  is  sometimes  termed, 
a  'frequency '  of  100,  will  range  from  16  poles  with  750  revolutions 
per  minute  to  20  poles  with  600  or  24  poles  with  500  revoliftions 
per  minute. 

But  it  is  not  only  the  pairs  of  fields  which  can  be  repeated :  the 
coils  can  also  be  repeated  for  every  pair  of  fields,  and  fig.  71  shows 
by  dotted  lines  a  second  pair  thus  repeated  and  connected  in 
series  with  the  original  pair.  We  thus  obtain  in  the  multipolar 
alternator  several  pairs  of  fields,  and  as  many  coils  as  there  are 
fields,  both  being  arranged  symmetrically  in  circles  about  a  com- 
mon centre  or  axis ;  adl  the  coils  will  occupy  at  any  moment 
exactly  the  same  position  relatively  to  a  magnetic  field,  and  there- 
fore the  phase  and  intensity  of  the  alternating  E.M.F.  induced  in 
each  will  be  identical.  Hence  they  can  be  coupled  together  in 
series,  so  as  to  form  a  continuous  winding,  or  can  be  divided  into 
two  or  more  parallels,  according  as  we  desire  a  high  E.M.F.  or 
a  large  current ;  and  the  total  impressed  E.M.F.  of  the  machine 
at  any  moment  is  equal  to  the  E.M.F.  induced  by  any  one  coil 
multiplied  by  the  number  of  coils  that  are  in  series.  Thus  by 
increasing  the  number  of  coils  that  are  in  series,  the  E.M.F.  of  the 
alternator  is  increased,  just  as  the  periodicity  is  increased  by  in- 
creasing the  number  of  pairs  of  fields.  The  presence,  therefore, 
of  several  pairs  of  poles  and  coils  introduces  nothing  new  in  the 
theory  of  the  action,  and  the  multipolar  alternator  may  be  simply 
regarded  as  made  up  of  several  bipolar  alternators.  The  principle 
deciding  relative  widths  of  fields  and  of  winding  in  each  coil  remains 
the  same,  and  with  the  general  proportion  adopted,  one-half  of  the 
armature  core  is  covered  with  winding. 

The  methods  of  connecting  up  the  coils  in  series  or  parallel 
are  the  same  as  those  above  described  for  bipolar  alternators  ;  if 
the  entire  winding  be  in  series,  the  full  difference  of  potential  of 
the  machine  exists  between  the  adjacent  coils  which  form  the 
beginning  and  the  end,  and  it  is  therefore  a  frequent  practice, 
especially  in  drum  and  disc  machines,  to  divide  the  winding  into 
two  halves  in  parallel,  so  that  each  coil  then  carries  only  half  the 
total  armature  current.    When  this  is  done,  it  is  advantageous,  as 
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already  explained,  to  retain  the  same  direction  of  winding  at  the 
junction  of  the  two  halves  in  the  case  of  ring  and  discoidal-ring 
armatures,  but  to  reverse  it  in  the  case  of  drum  or  disc  armatures. 
In  all  cases  it  is  indifferent  whether  the  armature  or  the  field 
magnets  rotate.  In  the  former  case  the  ends  of  the  armature 
winding  are  brought  to  two  collecting  rings,  which  rotate  with  the 
armature  spindle,  and  upon  which  rest   the  stationary  brushes 


Fig.  72.— Diagram  of  ring  multipolar  alternator. 

forming  the  terminals  of  the  external  circuit.  In  the  latter  case 
stationary  terminals  are  attached  to  the  armature,  but  collecting 
rings  have  to  be  applied  to  the  system  of  rotating  magnets,  into 
and  out  of  which  the  exciting  current  for  the  field  winding  flows 
by  means  of  brushes  or  rubbing  contacts. 

The  form  of  the  magnetic  circuit  and  of  the  magnets  which 
suits  each  of  the  different  types  of  armatures  remains  to  be  con- 
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siderecL  In  the  cases  both  of  the  ring  and  drum-wound  arma- 
tures, the  armature  may  be  internal  or  external  to  the  poles,  these 
latter  being  in  the  one  case  united  by  a  common  circular  yoke- 
ring  external  to  the  whole  (fig.  72),  or  in  the  other  by  an  internal 
ring,  so  as  to  form  a  kind  of  star,  as  in  fig.  73.  Fig.  72  shows 
diagrammatically  a  ring-wound  armature,  surrounded  by  twelve 
external  poles,  pointing  radially  inwards,  and  each  wound  with  an 
exciting  coil  e  e ;  one-half  of  the  machine  is  shown  in  section  in  the 
end  view,  and  one  quarter  in  the  side  view,  the  paths  of  the  mag- 
netic induction  being  there  marked  by  dotted  lines.  It  will  be 
seen  that  the  total  flux  of  lines  forming  one  field  passes  entire 
through  each  magnet  core,  and  bifurcates  on  reaching  the  arma- 
ture core  or  the  yoke-ring,  y.  In  practice  the  system  of  magnets 
would  be  supported  from  the  bed-plate,  which  is  omitted  in  the 
diagram  for  the  sake  of  clearness.  The  winding  is  divided  into 
two  halves  in  parallel ;  the  inductors  of  each  coil  are  shown  as 
disposed  in  one  layer  only  of  six  turns,  although  in  most  cases 
there  would  be  a  large  number  of  turns,  possibly  in  two  layers. 
The  current  is  collected  by  the  brushes  b  b\  bearing  on  the  two 
collecting  rings,  which  are  placed  on  opposite  sides  of  the  arma- 
ture. Fig.  73  shows  an  equivalent  drum- wound  alternator  with 
internal  poles,  which  rotate  while  the  armature  remains  stationary. 
Current  is  supplied  to  the  exciting  coils  by  the  brushes  and  collect- 
ing rings,  while  the  alternating  E.M.F.  and  current  is  obtained 
from  the  stationary  terminals  of  the  armature  a  d.  At  the  right 
hand  is  shown  ail  internal  view  of  one  half  of  the  armature  wind- 
ing after  removal  of  the  magnets ;  the  coils  which  are  in  series 
are  wound  in  the  same  direction,  but  the  direction  of  winding  is 
reversed  at  the  points  where  the  two  halves  of  the  armature  are 
united  in  parallel.  Since  half  the  number  of  coils  is  an  even 
number,  this  junction  is  effected  by  connecting  together  contiguous 
inside  ends  of  one  pair  of  coils  (as  at  a)  and  the  distant  inside 
ends  (as  at  d)  of  the  coils  at  the  opposite  end  of  a  diametric  line. 
If  half  the  number  of  coils  had  been  an  uneven  number,  contiguous 
inside  ends  and  contiguous  outside  ends  would  have  been  joined 
together.  The  maximum  difference  of  potential  which  exists 
between  any  two  adjacent  wires  is  equal  to  that  generated  by  a 
pair  of  coils,  and  hence,  even  in  a  machine  giving  2,000  volts  of 
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effective  E.M.F.,  does  not  amount  to  more  than  about  950  volts 
at  the  moment  of  maximum  induced  E.M.F.  Just  as  the  ring 
armatiure  can  be  adapted  to  suit  a  revolving  internal  magnet, 
so  also  the  drum  method  of  winding  may  equally  be  applied  to  the 
outside  of  a  cylindrical  iron  core,  which  revolves  within  an  external 
set  of  magnets.  In  the  case  of  the  discoidal-ring  and  disc  machines 
(figs.  74  and  75)  the  magnets  m  m  form  two  crowns,  being  united 
by  two  circular  yoke-rings,  y  y^  one  on  either  side  of  the  armature. 
In  the  former  or  flat-ring  machine,  poles  of  the  same  sign  are 
presented  exactly  opposite  to  each  other  on  either  side  of  the 
armature  core,  and  the  lines  which  enter  into  it  from  a  pair  of  N. 
poles  flow  in  either  direction  through  the  armature,  issuing  forth 
where  a  neighbouring  pair  of  S.  poles  is  presented ;  in  the  disc 
alternator,  on  the  contrary,  opposite  poles  are  of  opposite  sign,  and 
the  lines  flow  straight  across  the  air-gap  from  one  pole  to  another. 
In  figs.  74  and  75  the  left-hand  lower  quarter  of  the  side  view 
shows  the  armature  with  the  nearer  field  magnets  and  yoke-ring 
removed,  and  the  right-hand  lower  quarter  shows  the  further 
system  of  poles,  the  armature  itself  being  removed.  In  the 
discoidal-ring  alternator  of  fig.  74  the  winding  is  arranged  in  two 
parallels,  and  is  exactly  analogous  to  that  of  the  simple  ring 
alternator;  the  magnet  cores  on  which  the  exciting  coils  are 
wound  are  cylindrical,  while  the  pole-pieces  have  a  rectangular 
shape,  the  width  of  field  being  equal  to  the  width  of  winding  in  a 
coil  when  measured  on  the  pitch-line  or  mean  circumference  of 
the  armature. 

In  the  disc  alternator  (fig.  75)  the  winding  is  analogous  to  that 
of  the  drum  armature  of  fig.  73,  except  that  twelve  inductors  are 
shown  in  each  coil.  The  coils  being  arranged  so  as  to  form  a 
complete  circular  disc,  their  shape,  as  shown  in  fig.  75,  is  more  or 
less  trapezoidal  or  pear-shaped,  being  broadest  on  the  external 
periphery  of  the  armature,  and  gradually  tapering  inwards  along 
their  radial  depth.  The  polar  surfaces  are  shown  of  a  shape 
corresponding  to  the  inside  loop  of  a  coil,  the  magnet  cores,  m  m, 
having  a  similar  trapezoidal  section  ;  as  in  the  other  alternator 
diagrams,  the  width  of  field  is  equal  to  the  width  of  winding 
when  measured  on  the  pitch  line,  and  both  are  equal  to  half  the 
pitch. 
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In  both  the  discoidal  and  disc  machines,  if  the  neighbouring 
pole-pieces  on  one  side  of  the  armature  come  into  close  proximity 
to  each  other,  a  considerable  number  of  the  lines  leak  across  from 
the  neighbouring  edges  of  each  N.  and  S.  pole  without  passing 
through  the  armature  at  all,  and  thus  are  entirely  useless  for  the 
purpose  of  inducing  E.M.F.  The  leakage  of  lines  is  therefore 
more  marked  in  such  machines  than  in  ring  and  drum  alternators, 
where  the  width  of  the  gap  between  neighbouring  magnets  is  not 
reduced  to  less  than  the  width  of  the  gap  when  measured  on  the 
pitch-line  ;  it  is  especially  marked  in  disc  machines  owing  to  the 
air-gap  in  them  being  usually  longer  than  in  discoidal  alternators. 
In  order  to  reduce  this  leakage,  the  pole-pieces  of  some  discoidal 
machines  have  been  slightly  tapered  at  their  inner  ends,  as  shown 
in  fig.  74,  so  that  their  shape  is  not  strictly  rectangular,  and  does 
not  exactly  correspond  with  the  shape  of  the  coils  :  these  latter 
necessarily  have  parallel  sides,  since  there  are  as  many  turns  of  wire 
on  the  inner  periphery  of  the  armature  as  there  are  on  the  outside. 

Finally,  it  should  be  observed  that  if  the  pole-pieces  have  a 
rectangular  shape  in  the  case  of  discoidal  rings,  and  a  trapezoidal 
shape  in  the  case  of  discs,  the  whole  length  of  each  inductor  does 
not  enter  or  leave  the  field  at  once  and  instantaneously  ;  con- 
sequently it  does  not  begin  or  cease  to  cut  lines  simultaneously 
throughout  its  entire  active  length,  but  the  action  is  at  first 
confined  to  one  or  other  end  (fig.  76).  The  effect  of  this  is  to 
render  the  rise  and  fall  of  impressed  E.M.F.  both  in  each  inductor 
and  in  the  coil,  as  a  whole,  more  gradual  than  it  would  otherwise 
be,  the  curve  of  impressed  E.M.F.  being  therefore  rounded  off  into 
a  gentle  sweep  throughout. 

In  general,  the  exact  shape  of  the  curves  of  E.M.F.  and 
current  which  were  discussed  in  Chapter  VI.  admits  of  very  great 
variation  with  different  dispositions  of  iron  and  copper  in  field 
magnet  and  armature.  For  an  examination  of  some  of  these  shapes 
the  reader  is  referred  to  papers  reprinted  in  the  *  Electrical  Engineer,' 
Aug.  16,  1889,  Dec.  5,  1890,  and  'Electrician,'  Nov.  27,  1891. 

In  the  alternators  so  far  described,  it  has  been  stated  that, 
roughly  speaking,  only  one-half  of  the  armature  core  is  covered 
with  winding  ;  it  is  therefore  possible  to  wind  an  entirely  distinct 
set  of  coils  forming  a  second  armature  circuit  in  the  vacant  spaces 
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between  the  coils  of  the  first  circuit.    The  second  set  of  coils 

may  be  used  to  feed  an  entirely  separate  external  circuit,  possibly 

at  a  different  pressure.    The  phase  of 

the    impressed    E.M.F.'s  in   the  two 

circuits  will  differ   by  a  quarter  of  a 

period,  or  90®,  the  one  reaching  its 

maximum  when  the  other  is  at  zero. 

This  process  may  be  carried  still  further 

if  the  width  of  winding  in  each  coil  be 

reduced  to  less  than  half  the  pitch  ;  e,g, 

if  it  be  one-third  of  the  pitch,  three 

distinct  armature  circuits  can  be  wound 

on  the  same  core,  giving  curves  of  « ^r 

impressed  E.M.F.  differing  in  phase 
by  i2o^  Such  alternators  have  lately 
(1891)  come  into  prominence  in  con- 
nection with  the  use  of  alternating- 
current  motors  with  rotating  magnetic 
fields,  and  have  been  called  'poly- 
phase '  machines.  It  will  suffice  here  fio.  76. 
to  call  attention  to  the  possibility  of 

winding  alternator  armatures  with  sets  of  coils  so  spaced  that  the 
E.M.F.  induced  in  each  set  differs  in  phase  from  that  induced 
in  any  other  set  by  a  certain  fraction  of  a  period. 
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CHAPTER  IX 

UNIPOLAR    ALTERNATORS 

While  the  bipolar  dynamo  may  be  said  to  be  naturally  an 
alternator,  and  only  indirectly  and  artificially  a  continuous-current 
machine,  it  may  with  equal  truth  be  said  that  the  unipolar  dynamo 
naturally  gives  a  uni-directed  E.M.F.,  and  is  artificially  made  to 
yield  an  alternating  E.M.F.  At  first  sight  it  might  be  supposed 
that  a  continuous-current  machine  which  gives  a  perfectly  constant 
and  steady  current  without  any  need  for  continual  starting,  stop- 
ping, and  reversing  of  it  in  the  inductors,  and  which,  therefore, 
requires  no  commutator,  with  all  its  attendant  troubles  of  sparking 
at  the  brushes,  must  possess  considerable  advantages  over  the 
bipolar  continuous-current  machine;  it  was,  too,  the  earliest 
form  of  dynamo  and  motor  invented,  since  it  dates  from  the  years 
1823  and  1831,  when  a  disc  unipolar  motor  and  dynamo  were  re- 
spectively made  by  Barlow  and  Faraday.  Yet  practical  experience 
shows  that  bi-  and  multi-polar  machines  have  been  and  are  in 
possession  of  the  entire  field  of  continuous-current  work,  and  that 
there  must  be  some  inherent  difficulties  in  the  unipolar  dynamo 
which  have  up  to  the  present  baffled  all  the  ingenuity  of  inventors. 
The  chief  of  these  is  the  small  value  of  the  E.M.F.  which  can 
be  procured  with  the  machine  in  its  simplest  form,  even  with  a 
very  high  speed  of  rotation.  It  has,  in  fact,  but  one  inductor,  and 
therefore  yields  at  best  only  from  two  to  five  volts.  The  remedy 
would  be  to  connect  several  inductors  in  series,  so  as  to  add  up 
their  E.M.F. ;  yet  if  the  reader  refers  back  to  Chapter  VII.  it 
will  be  seen  that  the  methods  of  connecting  inductors  in  series 
as  there  described  only  result  in  forming  loops,  round  which  the 
£.M.F.  and  current  alternate,  the  characteristic  feature  of  the 
dynamo  being  thereby  entirely  lost.     If  we  take  the  rotating 
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armatures  of  fig.  55,  with  a  number  of  insulated  inductors  arranged 
either  in  a  tube  or  in  a  disc,  and  join  the  end  of  one  inductor  on 
to  the  opposite  end  of  another  by  means  of  a  connecting  wire 
fixed  to  the  two  inductors  and  rotating  with  them,  it  will  be  found 
that  these  connecting  pieces,  when  so  fixed,  must  necessarily  cut 
the  lines  of  induction  at  exactly  the  same  rate  as  the  inductors 
proper,  and  in  the  same  direction  ;  they  thus  become  inductors 
themselves,  inducing  an  E.M.F.  which  is  in  the  reverse  direction 
round  the  loop  to  that  given  by  the  inductors  proper,  and  the 
total  E.M.F.  of  the  combination  is  nil.  Hence,  if  the  armature 
rotates,  as  we  have  supposed,  the  connecting  pieces  must  be 
stationary,  so  that  they  can  be  taken  through  the  iron  of  the  field- 
magnet  without  cutting  its  lines,  and  the  current  must  pass  into 
and  out  of  them  by  some  kind  of  rubbing  or  sliding  contact. 
There  is,  in  fact,  no  method  of  windings  properly  so  called,  which 
is  applicable  to  the  unipolar  armature,  so  long  as  it  has  to  give  a 
uni-directed  E.M.F.  All  that  can  be  done  is  to  join  one  inductor 
on  to  another  through  the  agency  of  rubbing  contacts,  and  the 
multiplication  of  these  at  once  introduces  such  difficulties  as  to 
render  the  whole  arrangement  unworkable.  In  practice,  the 
utmost  that  has  been  done  may  more  properly  be  described  as 
the  placing  of  two  distinct  machines  in  series,  the  two  being 
mounted  on  the  same  spindle ;  yet  even  then  the  twofold  collection 
of  a  very  large  current  by  means  of  brushes  or  mercury  troughs 
presents  great  difficulties. 

It  will  suffice,  therefore,  to  pass  immediately  to  unipolar 
alternators,  in  which  one  or  other  of  the  definite  methods  of 
unipolar  winding  described  in  pp.  137-130  has  been  adopted. 
As  m  the  case  of  bipolar  armatures,  it  will  be  necessary,  when  we 
deal  with  coils  instead  of  simple  loops,  to  determine  the  best 
widths  of  winding  and  field,  and  precisely  the  same  principle,  viz. 
the  avoidance  as  far  as  possible  of  differential  action,  must  be  our 
guide.  The  pitch  is,  as  before,  the  distance  between  the  centres 
of  a  pair  of  poles  of  opposite  sign,  this  distance  being  measured 
along  the  circumference  of  a  circle  passing  midway  through  the 
active  lengths  of  the  inductors ;  the  only  difference  is  that  now 
such  two  poles  are  either  outside  and  inside  of  the  armature  core, 
in  the  case  of  ring  armatures,  or  on  opposite  sides  of  the  core,  in 
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the  case  of  discoidal  and  disc  armatures,  instead  of  being  either 
both  outside  or  both  inside,  or  both  on  the  same  side  of  the  core. 

In  the  case  of  ring  and  discoidal-ring  armatures,  as  shown  on 
p.  128,  Chap.  VII.,  the  maximum  permissible  width  of  field,  even 
with  only  one  loop,  is  not  more  than  the  pitch,  since  otherwise 
differential  action  reduces  the  time  during  which  any  resultant 
E.M.F.  is  produced,  and  when  there  are  many  loops  the  rule  deter- 
mining the  proper  width  of  fields  and  winding  takes  exactly  the 
same  form  and  leads  to  the  same  results  as  were  previously  found 
for  the  corresponding  bi-  or  multi-polar  alternators.  The  outer 
portions  at  the  sides  or  edges  of  one  and  the  same  coil  must  never 
be  moving  at  the  same  time  past  two  poles  of  opposite  sign, 
whether  these  are  outside  and  inside,  as  in  the  ring  form,  or  on 
each  side  of  the  armature,  as  in  the  discoidal  form  ;  if  opposite 
sides  of  the  same  coil  are  under  inductive  action  at  the  same  time, 
the  wires  which  for  the  time  being  are  connectors  will  also  act  as 
inductors  of  a  back  E.M.F.,  and  so  neutralise  the  effect  of  the 
inductors  proper.  Hence,  the  width  of  the  coil  must  be  not 
more  than  the  width  of  the  neutral  space  between  two  fields, 
where  no  lines  enter  or  leave  the  armature  core ;  and  the  law  to 
which  the  winding  must  approximately  accommodate  itself  is 
width  of  field  equal  to  width  of  coil,  and  both  equal  to  half  the 
pitch.  Thus  half  the  armature  core  is  covered  with  winding 
exactly  as  in  the  bipolar  alternator. 

If  the  armature  cores  of  figs.  56  and  57  be  thus  wound  with 
a  pair  of  coils,  each  of  width  equal  to  half  the  pitch,  and  the  fields 
be  correspondingly  reduced  in  width,  we  obtain  a  dynamo  which, 
when  cut  through  to  the  spindle  and  flattened  out,  is  shown 
diagrammatically  in  the  full-line  portion  of  the  upper  diagram  in 
%•  ??•  The  path  of  the  lines  is  shown  dotted,  with  the  poles 
outside  and  inside  the  core,  as  they  would  be  in  the  case  of  the 
ring  form.  If  the  armature  were  discoidal,  it  will  be  understood 
that  the  poles  would  then  face  opposite  sides  of  the  core,  and  the 
lines  would  pass  aslant  across  the  armature.  As  in  the  case  of 
bipolar  alternators,  the  whole  can  be  repeated  a  second  or  any 
number  of  times,  as  shown  by  the  dotted  half  of  fig.  77,  and  thus 
is  obtained  a  unipolar  alternator  with  two  or  more  pairs  of  poles, 
the  coils  being  similarly  multiplied,  and  in  practice  there  are 
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usually  more  than  one  pair  of  poles  and  pair  of  coils.  The 
several  poles  and  coils  are  symmetrically  placed  round  the  arma- 
ture, as  shown  in  figs.  78,  79,  there  being  always  as  many  coils  as 
there  are  fields,  where  the  lines  enter  or  leave  the  armature  core, 
i.e.  as  there  are  poles.  If  fi  =  the  number  of  pairs  of  fields,  the 
periodicity  is  the  same  as  in  the  case  of  multipolar  alternators,  viz. 

y-  /j  or  p.     In  the  case,  however,  of  the  discoidal-ring  uni- 

60  120 

polar  alternator,  since  half  the  poles  of  the  corresponding  multi- 
polar alternator  are  absent,  the  number  of  pairs  of  fields  is  equal 
to  the  number  of  pairs  of  poles  counted  on  both  sides  of  the 
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Fig.  77. — Armatures  of  unipolar  alternators. 

armature.  A  chief  feature  of  the  above  alternators  is  that  all  the 
poles  form  branches  of  one  and  the  same  magnetic  circuit,  and 
therefore  only  require  one  exciting  coil  wound  on  that  portion  of 
the  circuit  where  all  the  lines  unite  to  flow  in  a  common  stream  ; 
each  inductor  thus  cuts  the  lines  from  the  numerous  subdivisions 
of  one  common  pole,  as  the  term  *  unipolar '  emphasises  when 
applied  to  an  alternator  with  many  pairs  of  poles.  Although  not 
confined  to  unipolar  alternators,  the  single  exciting  coil  is  always 
employed  in  them. 

Each  type  has  its  own  appropriate  form  of  magnetic  circuit. 
In  the  ring  unipolar  alternator  all  the  external  poles  are  of  the 


Digitized  by  VjOOQ  IC 


i6o  THE  DYNAMO 

same  sign,  and  so  also  all  the  internal  poles ;  hence  they  are 
formed  by  branches  out  of  a  magnet-core  common  to  them  all. 


•c 


.3 


and  placed  on  one  or  other  side  of  the  armature  (fig.  78) :  upon 
the  magnet-core  is  wound  the  single  exciting  coil  shown  at  e. 

In  the  discoidal  form  all  the  poles  on  the  one  side  are  N.,  and 
all  those  on  the  other  are  S.,  and  their  common  yoke  may  be 
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either  external  or  internal  to  the  armature.     If  the  latter  rotates, 
it  is  most  convenient  to  place  the  yoke  on  the  outside,  as  was 


shown  in  fig.  57,  and  the  exciting  coil,  ^,  is  either  suspended  from 
the  external  yoke-ring,  or  is  divided  into  two  halves,  one  on  either 
side  of  the  armature,  and  supported  by  the  poles.     Fig.  79  shows 
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an  external  yoke-ring,  y  \  in  the  upper  half  of  the  side  view  the 
exciting  coil  is  supposed  to  be  removed  in  order  to  show  the 
curved  poles  on  the  opposite  side. 

When  we  pass  to  the  disc  unipolar  alternator,  our  definition  of 
the  pitch  leads  to  the  conclusion  that  for  a  single-field  dynamo  with 
only  two  poles,  as  shown  in  fig.  58,  the  pitch  is  the  entire  circum- 
ference of  the  circle,  which  gives  the  mean  path  traversed  by  the 
rotating  inductors,  and  it  has  been  shown  in  Chapter  VII.  that  the 
maximum  width  of  field  permissible  is  equal  to  half  the  pitch,  for 
the  width  of  a  single  loop  alone  must  not  be  less  than  the  width 
of  field,  nor  greater  than  the  width  of  the  neutral  space  ;  hence  the 
latter  must  be  at  least  equal  to  the  width  of  the  field.  Now,  when 
there  are  several  loops  wound  on  the  top  of  each  other,  so  that  each 
side  of  the  flat  coil  has  appreciable  width,  there  will  be  differential 
action  when  such  a  coil  is  rotated,  unless  the  width  of  field  be 
reduced  to  equality  with  the  inner  loop,  and  the  width  of  the  outer 
loop  be  not  greater  than  the  width  of  the  gap.  Hence  differential 
action  is  entirely  avoided  if  the  inner  loop  have  a  width  equal  to  that 
of  the  field,  and  the  outer  have  a  width  equal  to  the  pitch  less  the 
width  of  the  field ;  e,g.  if  the  width  of  field  and  of  inner  loop  be  equal 
to  one-third  of  the  pitch,  and  the  width  of  the  outer  loop  be  equal 
to  the  gap,  or  two-thirds  of  the  pitch,  the  width  of  the  winding  on 
each  side  of  the  coil  being  one-sixth  of  the  pitch.  If  the  width  of 
field  be  increased,  the  width  of  winding  must  be  decreased,  and  vice 
versd^  so  that,  as  before,  various  proportions  are  possible,  all  of  which 
avoid  differential  action.  By  the  same  train  of  reasoning  as  has 
been  applied  before  to  bipolar  alternators,  we  arrive  at  the  most 
favourable  result  when  the  widths  of  the  field  and  inner  loop  are 
each  equal  to  one-quarter  of  the  pitch,  and  the  width  of  the  outer 
loop  is  equal  to  three-quarters  of  the  pitch,  in  which  case  half  of 
the  armature  core  is  covered  with  winding,  and  the  result  is 
identical  with  the  disc  alternator  of  fig.  68,  if  one  or  other  of  the 
pair  of  poles  be  entirely  omitted.  But  such  a  single  coil  may  be 
conveniently  divided  into  two,  so  that  the  circumferential  con- 
necting portions  have  less  depth,  exactly  as  was  done  in  the  case 
of  bipolar  disc  alternators,  the  connections  of  the  binding  being 
identical ;  and  this  is  shown  in  fig.  77,  which  further  shows  how 
the  whole  may  be  repeated  with  a  second  field.     We  thus  arrive 
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at  twice  as  many  coils  as  there  are  fields,  the  coils  being  virtually 
arranged  in  pairs,  each  pair  corresponding  to  one  field,  instead  of 
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two  fields,  as  in  the  corresponding  bipolar  dynamo ;  and  since  half 
the  poles  of  the  multipolar  dynamo  are  absent,  the  width  of  the 
outer  loop  of  each  of  the  two  coils  is  now  half  the  pitch,  instead 
of  being,  as  before,  equal  to  the  pitch. 

Fig.  80  shows  a  disc  unipolar  dynamo  evolved  out  of  fig.  58 
with  revolving  magnet  and  stationary  armature  ;  the  several  fields 
are  again  formed  by  dividing  one  magnetic  circuit  into  a  number 
of  curved  branches,  each  terminating  in  a  pole-face.  All  the  poles 
on  one  side  of  the  armature  are  N.,  and  all  those  on  the  other  side 
S. ;  those  on  either  side  of  the  armature  are  shown  united  on  the 
outside  by  a  thin  web  of  iron,  pierced  with  holes  and  with  deep 
recesses  intervening  between  the  projecting  poles.  The  lines  of 
induction  thus  form  separate  groups,  between  which  intervene 
neutral  spaces,  clearly  marking  off  the  several  fields ;  the  field 
is  never  reversed  in  direction,  but  may  be  described  as  intermittent. 
The  single  exciting  coil  which  is  shown  at  e  need  not  of  necessity 
rotate  with  the  magnet,  but  might  be  attached  to  the  armature,  in 
which  case  no  collecting  rings  for  the  exciting  current  would  be 
required  ;  it  is,  however,  more  advantageous  for  other  reasons  to 
rotate  it  with  the  magnet.  When  the  armature  is  rotated,  the 
yoke  or  undivided  portion  of  the  magnetic  circuit  may  be  made 
external  to  the  armature  in  the  shape  of  a  ring,  similar  to  that 
shown  in  fig.  79,  but  with  the  opposite  poles  directly  facing  each 
other.  Since  the  poles  on  each  side  are  of  the  same  sign,  there  is 
no  tendency  for  lines  to  leak  across  from  one  pole  to  a  neighbour- 
ing pole  on  the  same  side  of  the  armature,  as  in  the  case  of  a 
multipolar  disc  armature  (p.  154),  and  the  corresponding  economy 
in  the  production  of  the  fields  to  a  large  extent  compensates  for  the 
fact  that  at  any  one  time  only  half  of  the  winding  is  active. 

Since  the  passage  of  one  field  past  a  pair  of  coils  gives  one 
complete  double  wave  of  E.M.F.,  the  number  of  complete  periods 
per  second  or  the  *  periodicity '  of  a  unipolar  disc  alternator  is 

>— A  where/  is  either  the  number  of  pairs  of  coils  or  the  number 

of  poles  on  one  side  of  the  armature.  It  is  therefore  the  same  as 
the  periodicity  of  a  multipolar  disc  alternator  with  an  equal 
number  of  armature  coils,  although  in  the  latter  there  are  twice  as 
many  poles  as  in  the  unipolar  machine. 
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CHAPTER   X 

OPEN-COIL  ARMATURES 

In  the  two  preceding  chapters  the  subject  of  alternators  has  been 
discussed ;  in  all  of  them,  whether  bi-,  multi-,  or  uni-polar,  the 
current  due  to  the  induced  E.M.F.  is  alternating  in  direction  in 
the  external  circuit,  just  as  is  the  current  in  each  armature  loop 
and  in  each  armature  coil  formed  of  loops.  Returning  to  our  first 
group  of  dynamos,  viz.  those  which  are  bi-  or  multi-polar,  we  now 
enter  upon  a  consideration  of  the  second  division,  consisting  of 
those  dynamos  which  yield  a  uni-directed,  or,  as  it  is  often  called, 
a  direct  current  in  the  external  circuit,  and  in  which,  therefore, 
since  their  terminal  E.M.F.  must  be  uni-directed,  some  form  of 
commutator  developed  out  of  the  split  ring  of  fig.  48  must  be 
present.  This  second  division  is,  however,  itself  divisible  into  two 
sub-classes,  viz.  those  with  *  open-coil '  armatures  and  those  with 
*  closed-coil '  armatures  ;  in  neither  does  the  E.M.F.  at  the  terminals 
alternate,  but  in  the  former  it  still  pulsates  or  fluctuates  in  value 
during  each  revolution,  while  in  the  latter  it  has  a  practically  con- 
stant value.  *  Open-coir  armatures  therefore  occupy  an  inter- 
mediate position  between  alternators  and  *  dosed-coil '  machines. 
Their  use  is  almost  entirely  confined  to  arc  lighting,  for  which  they 
have  been  found  peculiarly  suited ;  the  pulsations  which  still 
remain  in  their  E.M.F.  curve,  and  which  cause  the  current  in  the 
external  circuit  to  fluctuate,  although  to  a  still  smaller  extent, 
are  not  disadvantageous  to  arc  lamps,  while  their  method  of 
construction  lends  itself  to  the  generation  of  a  high  E.M.F. 
and  constant  current,  as  required  by  arc  lamps  when  run  in 
series. 

The  previous  discussion  of  alternators  will  have  familiarised 
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the  reader  with  the  principle  that,  in  the  case  of  ring  or  discoidal 
armatures,  with  one  coil  wound  as  in  fig.  48  on  one  half  of  the 
ring,  and  placed  in  a  bipolar  field,  a  second  coil  can  be  wound  on 
the  portion  of  the  ring  diametrically  opposite,  and  in  this  second 
coil  an  E.M.F.  will  be  induced  exactly  similar  to  the  E.M.F.  of 
the  first  coil ;  it  can  therefore  be  connected  either  in  series  or  in 
parallel  with  the  first,  the  same  split-ring  being  made  use  of  without 
any  modification  (fig.  81).     Similarly,  in  the  case  of  drums,  a 


Series. 


liintj 


IhmUcL 


second  coil  can  be  wound  on  by  the  side  of  the  first  and  connected 
with  it  in  series  or  in  parallel,  exactly  the  same  proportion  of  the 
entire  surface  of  the  armature  core  being  covered  as  in  the  ring. 
So,  too,  in  the  case  of  the  disc  armature,  a  second  coil  symmetrical 
with  the  first,  but  on  the  opposite  half  of  the  disc,  introduces 
no  fresh  element  to  our  theory.  When  the  two  coils  are 
connected  in  series  they  virtually  form  one  continuous  coil  : 
this  is  most  evident  in  the  case  of  the  drum  (fig.  81),  but  in 
reality  the  two  opposite  coils  of  the  ring  and  disc  may  equally 
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be  regarded  as  one  coil  divided  for  practical  reasons  into  two 
portions. 

But  whether  in  series  or  parallel,  the  two  coils  thus  sym- 
metrically placed  do  not  alter  the  character  of  the  curve  of  E.M.F. 
as  given  in  fig.  48,  and  do  not,  therefore,  assist  us  in  the  work  of 
reducing  the  pulsation  of  the  E.M.F.  to  a  comparatively  small 
amount  An  entirely  new  method  must  be  tried,  viz.  the  arrange- 
ment of  coils  on  the  armature  in  such  positions  that  they  are  not 


diametrically  opposite  to  each  other,  and  so  are  not  symmetrical 
in  every  respect. 

Reverting  to  the  simple  coil  and  split-ring  of  fig.  48,  let  us 
arrange  a  second  coil  on  the  armature  at  right  angles  to  the  first, 
and  attach  its  ends  to  a  second  split-ring,  the  angular  position  of 
which  relatively  to  the  first  differs  by  a  corresponding  interval  of 
90**  (fig.  82).  The  armature  shaft  on  which  both  split-rings 
would  be  mounted  and  the  connecting  wires  which  join  the  ends 
of  the  coils  to  the  commutator  segments  are  omitted  for  the  sake 
of  clearness,  the  connections  being  simply  indicated  by  numerals  ; 
at  the  right  hand  is  shown  the  corresponding  drum  armature, 
wound  with  two  loops  90''  apart     Let  us  suppose  the  insulating 
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gaps  between  the  two  halves  of  each  split-ring  to  be  very  small, 
and  let  the  nibbing  surface  of  the  two  pairs  of  brushes  or  contact 
springs,  a  a!y  b  b^^  be  very  narrow — in  fact,  hardly  more  than  a 
mere  line.  Now,  since  the  second  coil  b  is  90**  behind  the  other, 
it  will  come  into  inductive  action  when  the  first  coil  is  going  out 
of  action,  and  will  be  in  the  position  of  greatest  action  when  the 
other  is  entirely  inactive.  If,  therefore,  we  plot  along  the  same 
horizontal  axis  the  cur\'es  of  the  terminal  E.M.F.'s  on  the  two 
pairs  of  brushes  for  one  revolution,  the  maximum  E.M.F.  or  crest 
of  the  E.M.F.  wave  due  to  one  coil  will  coincide  with  the  hollow 
of  the  wave  of  the  other ;  thus,  in  fig.  82,  curve  a  a  gives  the 
value  at  any  moment  of  the  E.M.F.  at  the  brushes  a  a\  while  b  b 
is  the  corresponding  curve  for  coil  b.  It  is  evident,  therefore, 
that  if  the  crests  of  the  second  wave  were  used  to  fill  up  the  hol- 
lows of  the  first,  the  fluctuations  of  the  joint  curve  of  E.M.F. 
would  be  very  largely  decreased.  Further,  if  we  arrange  three 
coils  round  the  armature  at  angles  of  120**  from  each  other  (fig. 
83)  we  again  see  that  if  their  curves  were  in  some  way  amal- 
gamated the  pulsations  might  be 
still  further  decreased.  In  the  clas» 
of  machine  now  before  us,  there- 
fore, we  require  a  comparatively 
^j.,^^  small  number  of  coils,  so  arranged 
Asa^  relatively  to  one  another  that  when 
one  ceases  to  be  active  another 
takes  up  the  action,  this  change 
being  continually  and  successively  repeated  at  the  proper 
moments  in  each  revolution.  Further,  since  in  practice  the 
edges  of  the  pole-pieces  are  not  brought  into  very  close 
proximity  to  each  other  on  account  of  the  excessive  leakage  of 
lines  which  would  ensue,  the  portion  of  each  half  of  a  revolution 
in  which  a  comparatively  narrow  coil  cuts  few  lines  or  none,  and 
therefore  yields  no  E.M.F.,  is  of  appreciable  length.  Hence, 
whenever  a  coil  is  inactive,  it  may  be  of  advantage  to  cut  it 
entirely  out  of  circuit,  since  if  it  formed  part  of  the  circuit  a  por- 
tion of  the  E.M.F.  of  the  coil  in  action  will  be  spent  in  driving 
the  current  through  its  useless  resistance.  Or,  again,  it  may, 
while  comparatively  inactive,  be  thrown  into  parallel  with  another 
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coil,  also  comparatively  inactive.  An  incidental  advantage  so 
gained  will  be  that  the  electrical  resistance  of  the  armature  is 
during  that  time  reduced,  but  the  main  object  of  such  parallel 
connection  will  be  to  prepare  a  coil  for  the  rapid  changes  which  it 
undergoes  from  action  to  inaction,  and  vice  versd. 

Any  armature  in  which  a  coil  is  either  left  open-ended,  or  has 
its  connections  with  the  other  coils  rearranged  during  any  portion 
of  a  revolution,  is  an  *  open-coil '  armature,  the  exact  meaning  of 
which  term  will  be  more  apparent  later,  when  it  can  be  contrasted 
with  *  closed-coil '  armatures. 

Starting  with  two  coils  wound  on  a  bipolar  armature  at  right 
angles,  as  in  fig.  82,  let  us  increase  the  width  of  the  gaps  in  the 
split-rings  until  each  commutator  segment  has  an  angular  width 
of  something  less  than  90°,  while  the  angular  width  of  contact  of 


-^^^ 


Fig.  84. 


each  brush  is  still  kept  small ;  then  in  the  position  shown  in  fig. 
84,  since  the  brushes  a  a'  are  in  the  middle  of  their  segments, 
they  are  yielding  an  E.M.F.  while  coil  b  is  not  in  contact  with  its 
brushes,  but  shortly  after  there  will  be  an  E.M.F.  at  b  b\  and  none 
at  a  a\  Hence,  one  pair  of  brushes  of  greater  length  along  the 
axis  of  rotation  might  be  substituted,  which  should  press  on  both 
split-rings  alike,  as  a  b,  a'  b',  in  fig.  84,  and  the  whole  is  repre- 
sented in  fig.  85  by  the  four  commutator  segments,  each  having  an 
angular  width  of  nearly  90**,  and  connected  to  one  end  of  a  coil. 
The  pair  of  coils  are  shown  diagrammatically  by  the  coiled  lines 
A  a',  b  b',  each  of  which  may  represent  either  a  simple  coil  on  a 
ring  armature,  or  a  pair  of  such  coils  wound  on  opposite  sides  of 
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the  ring,  or  the  corresponding  forms  which  these  take  in  the 
drum,  discoidal,  and  disc  machines,  as  shown  in  fig.  8i,  and 
explained  on  p.  i66. 

Let  mm  he  the  line  of  maximum  field,  where  the  lines  of 
induction  are  most  dense,  and  nnhe  the  neutral  line,  where  there 


yoiTs 


is  no  field  at  all ;  the  reason  why  these  are  not  drawn  exactly  hori- 
zontal and  vertical  will  be  explained  in  a  subsequent  chapter.  It 
is  important  to  observe  that  the  brushes  are  now  placed  near  to 
or  on  the  line  of  maximum  field,  and,  as  shown,  coil  b  b'  has 
just  come  into  action,  and  is  supplying  E.M.F.  and  current  to 


Digitized  by  VjOOQ  IC 


OPEN^COIL  ARMATURES  171 

the  external  circuit,  while  coil  A  a',  which  is  just  passing  into  the 
position  of  least  action,  is  cut  out  of  the  circuit.  The  width  of 
each  commutator  segment  being  nearly  90®,  each  of  the  two  coils 
will  in  turn  be  in  contact  with  the  brushes  for  nearly  a  quarter  of 
a  revolution,  but  as  the  gaps  of  insulating  material  are  not  bridged 
over  by  the  brushes,  the  circuit  will  be  broken  four  times  in  each 
revolution.  If  now  the  curve  of  E.M.F.  acting  at  the  brushes 
on  the  external  circuit  be  plotted  for  a  revolution,  starting  from 
a  point  where  the  brushes  are  on  the  gap,  just  in  front  of  the 
position  shown  in  the  diagram,  it  will  be  entirely  above  the  hori- 
zontal line,  and  the  fluctuations  in  its  value  are  very  much  reduced  ; 
yet  it  will  be  discontinuous,  being  divided  by  four  breaks  corre- 
sponding to  the  passage  of  the  insulating  gaps  under  the  brushes. 
At  these  moments  the  brushes  cease  to  press  on  one  pair  of  seg- 
ments, and  have  not  yet  begun  to  press  on  the  other  pair.  The 
arrangement  is  therefore  totally  unworkable,  owing  to  the  fact  that 
the  circuit  of  the  current  is  continually  being  broken,  which  would 
produce  destructive  sparking  on  the  commutators.  And,  further, 
when  a  coil  is  just  cut  out  of  circuit,  as  a  a'  in  fig.  85,  it  is  only 
half-way  between  the  line  of  maximum  field  and  the  neutral  line, 
and  is,  therefore,  still  generating  some  E.M.F.  which  might  be 
utilised.  To  remedy  these  defects  it  is  only  necessary  to  retain 
the  commutators  as  shown  in  fig.  82,  that  is,  with  the  neighbour- 
ing segments  overlapping  each  other  and  with  one  pair  of  broad 
brushes  a  ^,  a'  ^,  pressing  on  both  commutators ;  each  brush  before 
leaving  one  segment  will  now  touch  another  belonging  to  the  other 
split-ring  (fig.  86).  Below  the  commutator  there  shown  is  a 
diagrammatic  representation  of  two  positions  of  the  armature,  the 
brushes  being  supposed  to  touch  along  the  line  m  m  ;  it  will  be 
seen  that  the  time  during  which  a  coil  is  entirely  cut  out  of  circuit 
is  lessened,  and  during  the  time  so  gained  the  two  coils  are  placed 
in  parallel,  as  shown  at  the  right  hand.  If  each  pair  of  segments 
overlap  the  other  by  an  angle  of  45°,  and  each  revolution  be 
divided  into  eight  equal  parts,  then  for  the  first  eighth  the  two 
coils  are  in  parallel,  for  the  next  only  one  is  supplying  E.M.F., 
and  the  other  is  open-circuited  ;  for  the  third  eighth  the  two  coils 
are  again  in  parallel,  after  which  for  the  next  eighth  the  second 
coil  is  alone  supplying  E.M.F.,  the  whole  being  repeated  during 
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the  second  half  of  the  revolution  in  the  same  order.  The  curve 
of  E.M.F.  is  now  no  longer  discontinuous,  but  is  a  continuous 
undulatory  line  without  any  breaks  ;  it  is  obtained  by  plotting  the 
E.M.F.  of  each  coil,  when  acting  separately,  and  the  ordinate, 
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Fig.  86. 


which  is  common  to  the  two  separate  dotted  curves  (fig.  86)  ;  the 
intervening  periods  of  45°  are  then  filled  up  approximately  by 
curves  representing  intermediate  values  between  the  E.M.F.'s  of 
the  coils  when  in  parallel  :  these  will  fall  and  rise  rather  more 
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suddenly  than  the  curve  of  the  coil  which  has  the  higher  E.M.F. 
Four  times  in  each  revolution  the  two  coils  are  in  parallel,  and 
during  these  periods  the  E.M.F.  in  one  is  increasing  as  it 
approaches  the  position  of  best  action,  and  in  the  other  is  decreas- 
ing as  it  recedes  from  that  position  \  the  two  are  theoretically 
equally  active  only  for  an  instant  when  they  are  equidistant  from 
the  line  m  m.  It  might  be  thought  that  this  inequality  between 
the  E.M.F. 's  of  the  two  coils  at  the  moment  when  they  are  put  in 
parallel,  and  just  before  they  part  company,  would  cause  large 
local  currents  and  waste  of  power,  since  the  higher  E.M.F.  of  the 
one  coil  naturally  tends  to  drive  a  back  current  through  the 
other  of  which  the  E.M.F.  is  lower.  Were  the  coils  free  from 
self-induction,  this  would  be  the  case,  and  the  net  E.M.F. 
acting  at  the  brushes  during  the  periods  of  parallelism  would  be 
simply  that  of  the  coil  which  at  the  moment  was  less  active,  the 
excess  E.M.F.  of  the  more  active  coil  being  expended  in  producing 
an  internal  and  useless  back  current.  Owing,  however,  to  the 
self-induction  of  the  two  coils,  the  current  in  them  cannot  be 
suddenly  reversed,  increased,  or  started  ;  and  consequently  the 
curve  of  E.M.F.  at  the  brushes  falls  and  rises  gradually,  taking 
intermediate  values  between  the  E.M.F. 's  of  the  stronger  and 
weaker  coils.  Thus  when  first  thrown  into  parallel,  the  resultant 
E.M.F.  of  the  weaker  coil  is  higher  than  its  induced  E.M.F.  owing 
to  the  self-induced  E.M.F.  called  into  existence  by  the  current 
which  is  started  in  it,  while  the  resultant  E.M.F.  of  the  stronger 
coil  is  less  than  its  induced  E.M.F.  by  reason  of  the  increase  of 
current  through  it.  Further,  when  a  coil,  is  about  to  be  cut  out 
of  circuit,  the  inequality  of  E.M.F.  is  of  advantage,  since  it  stops 
the  current  flowing  in  it  much  more  quickly  than  would  otherwise 
be  the  case ;  for  the  greater  E.M.F.  of  the  other  coil  tends  to 
drive  a  current  in  the  reverse  direction  through  the  leaving  coil, 
and  so  prepares  it  to  be  cut  out  of  circuit  without  an  excessive 
amount  of  sparking. 

Each  coil  has  its  own  commutator,  and  the  winding  of  the 
armature  does  not  form  a  closed  circuit  in  itself,  as  will  be  found 
to  be  the  case  in  *  closed-coil '  armatures.  The  two  overlapping 
commutators  may  be  conveniently  united,  so  as  to  form  a  single 
mechanical  structure,  by  making  the  neighbouring  segments  of 
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one  split-ring  project  into  the  gaps  left  between  the  two  segments 
of  the  other  split-ring  while  still  being  insulated  from  them.  Thus 
in  fig.  86,  if  a  projects  into  the  gap  e  between  b  and  b',  and  a' 
into  the  other  gapr,  while  b  and  b'  similarly  project  into  the 
corresponding  gaps  d  and  /  between  a  and  a',  we  get  the  joint 
commutator  shown  at  the  right-hand  side.  Owing  to  the  high 
voltage  which  this  class  of  machine  usually  gives,  air  forms  the 
most  suitable  insulator  between  the  adjacent  segments,  since  there 
is  always  a  certain  amount  of  sparking  present,  which  would  other- 
wise damage  the  surface  of  the  commutator  ;  hence  the  two  com- 
mutators, though  projecting  into  each  other,  are  still  divided  by 
comparatively  narrow  air-gaps.  The  whole  is  mounted  on  the 
shaft  of  the  armature,  and  held  in  place  by  a  thick  ring  and 
washers  of  insulating  material. 

The  method  above  described  may  be  pushed  a  step  further 
by  winding  on  the  armature  more  pairs  of  coils  intermediate 
between  the  first  pair ;  the  pulsations  of  the  E.M.F.  are  thus  still 
further  reduced,  while  more  of  the  available  space  round  the 
armature  is  rendered  useful.  The  first  pair  of  coils  were  90** 
apart,  and  in  every  case  a  pair  of  coils  at  right  angles  to  each 
other  must  be  taken  and  connected  to  a  joint  commutator  exactly 
similar  to  the  joint  commutator  of  the  first  pair.  Thus  fig.  87 
shows  diagrammatically  an  armature  of  four  pairs  of  coils,  two 
pairs  at  right  angles  to  each  other  being  connected  to  each  of  the 
two  joint  commutators  ;  one  joint  commutator  is  set  an  eighth  of  a 
revolution,  or  45°  in  advance  of  the  other,  just  as  any  two  neigh- 
bouring coils  are  separated  by  an  angle  of  45** ;  the  arrangement 
is  really  equivalent  to  two  separate  machines  in  series  with  each 
other,  the  two  pairs  of  brushes  being  connected  in  series  by  join- 
ing together  one  brush  of  one  commutator  with  that  brush  of  the 
other  commutator  which  is  on  the  opposite  side,  the  other  two 
brushes  leading  to  the  terminals  of  the  machine.  The  perspec- 
tive view  of  the  two  commutators  corresponds  with  the  first  dia- 
grammatic representation  of  the  armature  and  coils.  In  the  inner 
commutator,  in  the  position  there  shown,  coil  a  a'  is  cut  out  of 
circuit,  being  in  the  position  of  no  action,  and  coil  b  b'  is  alone 
supplying  E.M.F.  to  the  pair  of  brushes  3, 4  ;  in  the  outer  com- 
mutator both  coils,  c  c',  D  d',  are  in  parallel,  and  supplying  E.M.F, 
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to  the  other  pair  of  brushes  i,  2  ;  brush  2  is  connected  with 
brush  3,  so  that  the  current  flows  through  coils  cc'  and  dd'  in 
parallel,  and  thence  through  coil  b  b'.  The  lower  diagram  repre- 
sents the  same  after  the  armature  has  revolved  through  an  angle 
of  45°,  when  d  d'  is  cut  out,  b  b'  and  a  a'  are  in  parallel,  and  c  c'  in 
series.  This  arrangement  of  one  coil  cut  out,  two  in  parallel,  and 
the  third  in  series  with  the  two,  is  continually  repeated  as  each 
coil  arrives  at  the  positions  of  neutral  field,  intermediate  action, 
and  best  action. 

Similarly,  if  three  pairs  of  coils  are  used,  there  must  be  three 
joint  commutators,  each  arranged  one-twelfth  (rf'a  revolution,  or  30®, 
in  advance  of  or  behind  its  next  neighbour. 

We  have  now  to  return  to  the  case  of  three  coils  arranged  at 
angles  of  120®  with  each  other,  represented  diagrammatically  in 
fig.  88,  and  in  this  case  one  end  of  each  coil  must  be  brought  to 
a  common  junction,  as  shown  at  the  centre.  The  other  free  ends 
are  joined  to  three  commutator  segments,  each  having  an  angular 
width  of  rather  less  than  120^  and  insulated  from  each  other. 
Evidently  when  in  the  position  shown  in  fig.  88,  since  coil  c  is  in 

the  neutral  line,  no  E.M.F. 
is  being  generated  in  it, 
while  in  coils  a  and  b  the 
E.M.F.  is  respectively 
radially  outwards  and 
radially  inwards ;  if,  there- 
fore, the  brushes  are  set 
on  the  line  of  maximum 
action  a  current  will  flow 
through  A  and  b  ;  but 
shortly  after,  when  the  in- 
sulating gap  comes  under 
brush  b\  the  circuit  will  be 
broken,  and  a  similar  break  of  the  circuit  will  occur  six  times  in 
each  revolution— thrice  at  brush  b  and  thrice  at  brush  b'.  In  this 
case,  therefore,  while  keeping  the  insulating  gaps  small,  we  require 
to  widen  the  arc  of  contact  of  the  brushes  until  each  spans  or  bridges 
over  the  insulating  gaps  (fig.  89).  The  effect  of  this  is  that  at 
the  instant  when  a  coil  is  about  to  be  cut  out,  it  is  placed   in 
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parallel  with  a  second  coil,  since  the  two  come  under  the  same 
brush ;  the  current,  therefore,  at  this  moment  flows  through  the 
two  in  parallel,  and  so 
through  the  third  which  is 
in  series  with  them.  The 
series  of  changes  which 
take  place  in  a  half-revolu- 
tion is  as  follows  :  Starting 
from  the  position  shown  in 
fig.  89,  in  which  b  and  c  are 
in  parallel,  and  a  in  series 
with  them,  b  is  cut  out, 
leaving  a  and  c  in  series ; 
then  A  and  b  in  parallel, 
c  in  series  with  them ;  a 
cut  out,  B  and  c  in  series  ; 
A  and  c  in  parallel,  b  in 
series  with  them;  lastly 
c  cut  out,  leaving  a  and  b 
in  series.  There  is  now  no 
break  in  the  circuit,  and 
the  E.M.F.  curve  will  be 
continuous  with  only  slight  fluctuations  as  the  various  changes  are 
passed  through.  These  are  best  followed  by  cutting  out  a  small 
disc  of  paper  on  which  are  represented  the  three  coils  and  com- 
mutator segments,  and  rotating  it  round  a  pin  on  another  sheet 
of  paper  on  which  are  drawn  the  two  stationary  brushes.  Each 
coil  is  first  in  parallel,  then  cut  out,  again  in  parallel,  then  in 
series,  and  lastly  in  parallel  again  before  it  is  again  cut  out.  The 
time  during  which  two  coils  are  in  parallel  depends  on  the  relative 
angular  widths  of  the  air-gaps  in  the  commutator  and  of  the 
brushes  :  if  they  are  nearly  equal  the  two  coils  will  only  be  in 
parallel  for  a  short  time,  but  if,  while  keeping  the  width  of  the 
air-gap  small,  the  width  of  the  brushes  be  increased,  this  time  will 
likewise  be  increased.  The  effect  of  different  widths  of  the  brush 
surface  requires  to  be  carefully  considered. 

If  the  brush  surface  be  only  just  wider  than  the  gaps,  as  in 
fig.  89,  the  time  when  the  two  coils  are  in  parallel  will  be  a  mere 
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instant ;  and,  further,  the  two  coils  are  then  at  equal  angles  from 
the  line  of  maximum  action,  m  m\  so  that  their  E.M.F.'s  are 
precisely  alike.  Hence  we  may  practically  disregard  the  moments 
of  parallelism  and  say  that  during  the  whole  revolution  the  E.M.F. 
of  the  machine  is  that  due  to  two  coils  in  series,  the  one  approach- 
ing and  the  other  receding  from  the  line  of  maximum  action  ;  each 
coil  is  under  one  brush  for  nearly  a  third  of  a  revolution  at  a  time, 
and  is  cut  out  of  circuit  f©r  a  sixth  of  a  revolution.  The  joint 
curve  obtained  by  compounding  together  the  curves  of  the  three 
coils  in  the  required  manner  is  shown  in  fig.  89,  and  is  composed 
of  six  crests  and  hollows.  But  now  let  the  width  of  the  brushes 
be  greater,  and  the  time  of  parallelism  longer  ;  then  the  E.M.F.'s 
of  the  two  coils  in  parallel  are  not  always  equal,  and  there  is  a 
tendency  for  the  one  of  higher  E.M.F.  to  drive  a  back  current 
through  the  one  of  lower  E.M.F.  by  means  of  the  path  of  the 
brush  surface.  The  effect  is  exactly  the  same  as  was  previously 
described  under  the  first  type  of  open-coil  machine  ;  when  first 
thrown  into  parallel,  the  weaker  coil  by  reason  of  its  self-induction 
does  not  admit  of  a  large  back  current  being  instantly  passed 
through  it,  while  when  about  to  be  cut  out  of  parallel,  the  in- 
equality of  E.M.F.  is  positively  of  advantage,  since  it  serves  to 
^  stop  or  even  reverse  the 

^  I  current  at  the  moment 

"'^^  when  the  circuit  of  the 

coil  is  to  be  broken. 
Next,  let  the  width  of 
the  brush  be  just  60® 
(fig.  90),  i.e.  half  a  com- 
mutator segment  plus 
half  an  air-gap.  This 
entirely  alters  the  series 
of  changes,  for  now 
I  the  coils  are  open-ended 

Pjj,  for  a  moment  only,  and 

except  for  these  brief 
moments,  there  are  always  two  coils  in  parallel  and  in  series 
with  the  third.  Each  coil  is  under  one  brush  for  half  a  revo- 
lution, and  this  time  is  divisible  into  three  equal  parts :  for 
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a  third  of  it,  it  is  in  parallel  with  the  coil  in  front  of  it ;  for 
the  next  third,  it  is  in  series  with  the  other  two  which  are  in 
parallel ;  and  for  the  last  third  it  is  in  parallel  with  the  coil 
behind  it.  It  will  be  seen  that  the  most  active  coil  is  in  series 
only  for  a  sixth  of  a  revolution  at  a  time,  and  that  when  it  is  only 
30®  from  the  line  of  maximum  action,  it  is  thrown  into  parallel  with 
a  less  active  coil,  which  is  itself  practically  on  the  line  of  no  action. 
But  this  latter  cpil  has  itself  had  a  reverse  current  started  in  it  by 
the  higher  E.M.F,  of  the  coil  from  which  it  has  just  parted  com- 
pany ;  for  a  coil  is  only  withdrawn  from  parallelism  when  its 
partner  is  30®  from  maximum  action,  and  it  is  itself  on  the  neutral 
line,  and  therefore  it  is  already  prepared  to  be  put  in  parallel  with 
the  third  coil,  its  self-induction  sufficing  to  keep  up  the  flow  of 
current  until  its  E.M.F.  is  equal  to  that  of  its  new  partner. 
Shortly  after,  its  E.M.F.  becomes  higher  than  that  of  the  coil  with 
which  it  has  just  been  put  in  parallel ;  consequently  in  its  turn  it 
prepares  this  latter  coil  to  receive  a  reverse  current  prior  to  its 
leaving  one  brush  and  coming  under  the  other.  By  such  mutual 
action  and  reaction,  the  total  E.M.F.  of  the  machine  is  kept  fairly 
constant,  and  there  are  not  the  violent  fluctuations  which  might 
perhaps  be  expected  from  so  small  a  number  of  coils  so  continually 
rearranged  as  to  their  connections.  The  crests  and  hollows  of  the 
E.M.F.  curve  are  still  the  same  as  when  the  brushes  were  only 
slightly  wider  than  the  gap.  Yet  the  average  E.M.F.  throughout 
a  revolution  is  not  quite  so  great  as  that  which  is  obtained  when 
the  width  of  brush  is  less,  and  the  difference  of  E.M.F.  of  the 
two  coils  which  are  placed  in  parallel  is  smaller. 

Next  let  the  width  of  the  brush  be  more  than  60**  (fig.  91)  ;  then 
the  two  brushes  can  both  rest  on  the  same  segment  at  once,  and 
the  whole  machine  is  for  the  time  being  short-circuited  on  itself ; 
the  segment  which  is  under  both  brushes  at  the  same  time  affords 
a  path  of  almost  negligible  resistance  to  a  local  current,  due  to  the 
combined  E.M.F. 's  of  the  two  coils  attached  to  the  other  two 
segments,  neither  of  them  being  far  from  its  position  of  maximum 
action  ;  consequently  the  E.M.F.  of  the  machine  is  for  the  time 
virtually  abstracted  from  the  external  circuit.  Such  short-circuit- 
ing will  occur  six  times  in  each  revolution,  and  the  actual  length 
of  time  during  which  each  short-circuit  lasts  will  depend  on  iiow 
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much  wider  the  brush  surface  is  than  60**.  Further,  the  time 
during  which  each  coil  acts  separately  before  it  is  thrown  into 
parallel  with  a  coil  of  weaker  E.M.F.  is  proportionately  reduced  ; 
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for  example,  if  the  width  of  brush  were  as  much  as  80®,  and 
the  air-gaps  are  10°,  as  in  fig.  91,  each  coil  woulr!  be  in  series  for 
only  25®  on  either  side  of  the  line  of  maximum  action,  or  for  only 
about  one- seventh  of  a  revolution  at  a  time.     The  total  result  is, 
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therefore,  that  the  average  E.M.F.  which  the  machine  supplies  to 
its  terminals  throughout  a  revolution  is  very  largely  reduced  ;  the 
actual  height  of  the  crests  is  reduced,  but  chiefly  owing  to  the 
six  periods  of  short-circuit,  each  lasting  for  lo^,  the  total  area  of 
the  curve  of  E.M.F.  acting  at  the  brushes  is  much  diminished. 
The  local  short-circuit  current  does  not  produce  the  heating  that 
might  at  first  be  expected ;  in  fact,  in  a  machine  running  at  800 
revolutions  per  minute  it  has  to  be  started  4,800  times  per 
minute,  and  each  time  the  self-induction  of  the  coils  prevents  it 
from  growing  to  any  great  strength. 

Evidently,  therefore,  if  an  arc  of  60**  were  chosen  as  the  normal 
width  of  brush  contact,  and  an  easy  means  were  provided  for 
altering  this  width,  the  voltage  of  the  machine  could  be  regulated 
within  certain  limits  by  increasing  or  decreasing  it  accord- 
ingly as  we  require  a  lower  or  greater  E.M.F.  The  use  of  this 
device  in  connection  with  the  Thomson- Houston  arc-light  dynamo 
will  be  described  later ;  suffice  it  here  to  say  that  it  is  carried  out 
in  practice  by  dividing  each  brush  into  two,  set  at  a  certain  angle 
apart  (fig.  91),  which  angle  can  be  varied  according  to  the  require- 
ments of  the  moment ;  the  two  brushes  are  electrically  connected 
together,  so  as  to  form  in  reality  one  brush  spanning  a  consider- 
able arc  of  commutator  surface. 

Two  forms  of  *  open-coil '  armatures  have  now  been  described, 
and  beyond  these  no  other  'open-coil'  arrangement  has  ever 
been  successfully  introduced  and  embodied  in  a  practical  machine. 
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CHAPTER  XI 

CLOSED-COIL  ARMATURES 

The  third  and  last  class  of  bi-  and  multi-polar  dynamos  still  re- 
mains for  consideration.  Like  the  machines  of  the  last  chapter, 
they  give  a  uni-directed  E.M.F.,  and  therefore  presuppose  a 
commutator ;  but  they  differ  in  that  this  E.M.F.  is  for  a  uniform 
speed  of  rotation  constant  in  value  during  the  whole  period  of  a 
revolution  ;  the  current,  therefore,  which  such  a  constant  E.M.F. 
causes  to  flow  through  a  circuit  of  fixed  resistance  is  itself  also 
constant  and  steady,  without  fluctuations  or  pulsations.  Hence, 
dynamos  of  this  type  are  also  called  'continuous-current' 
machines,  the  E.M.F.  and  current  which  they  yield  being  not 
only  continuous  in  direction,  but  continuous  also  in  value. 

The  purposes  to  which  such  machines  can  be  applied  are  so 
numerous,  and  so  important,  that  they  are  used  much  more  ex- 
tensively than  any  other  class  of  dynamos ;  whether  it  be  incan- 
descent lighting,  charging  accumulators,  motive  purposes  and 
transmission  of  power  over  long  distances,  or  electro-deposition 
of  metals,  they  are  equally  suitable  for  all  ahke,  while  the  voltages 
for  which  they  are  made  vary  from  5  to  3,000  volts.  Their 
characteristic  features  will  be  found  to  be  intimately  connected 
with  the  fact  expressed  by  their  other  name  of  *  closed-coil ' 
dynamos;  they  are  so  called  because  the  winding  of  their 
armatures  forms  an  endless  coil  closed  upon  itself,  and,  in  contrast 
to  the  previous  sub-class,  no  portion  of  the  armature-winding 
is  ever  open-circuited,  or  has  its  connections  with  the  rest 
rearranged. 

Since  the  E.M.F.  of  machines  belonging  to  the  present  group 
is  to  be  steady  and  free  from  fluctuations,  it  is  reasonable  to  recur 
to  and  extend  the  method  which  was  found  so  effective  in  the  case 
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of  open-coil  machines,  viz.  that  of  placing  two  or  more  coils  on 
the  armature  in  positions  which  are  not  symmetrically  opposite 
to  each  other.  We  have,  therefore,  first  to  determine  how  the 
E.M.F.'s  of  such  coils  can  be  combined  together,  their  connection 
with  the  external  circuit  being  still  reversed  at  the  right  moment 
when  the  direction  of  the  E.M.F.  induced  in  them  changes. 
Further,  and  most  important,  this  must  be  done,  not  only  without 
opening  or  breaking  the  entire  circuit,  but  also  without  opening 
or  leaving  open-ended  any  coil.  An  entirely  new  device  must 
therefore  be  adopted,  by  which,  whenever  a  coil  is  in  the  position 
of  reversal  of  E.M.F.  between  two  adjacent  poles,  it  is  'short- 
circuited  '  on  itself.  To  effect  this,  it  is  only  necessary  to  make 
each  of  the  two  brushes  of  fig.  48  touch  both  segments  of  the 
split-ring  simultaneously  at  the  moment  of  reversal ;  the  coil  is 
then  closed  upon  itself  through  the  interposition  of  the  brushes, 
and  this  allows  the  current  previously  flowing  round  the  coil  in 
the  one  direction  to  die  away,  and  a  current  in  the  reverse  direc- 
tion round  it  to  be  started  by  the  reversed  E.M.F.  as  it  comes 
under  the  other  pole.  The  brushes  must  be  so  set  that  the  short- 
circuiting  takes  place  approximately  at  the  position  of  zero  E.M.F., 
and  the  curve  of  E.M.F.  of  the  loop,  as  given  in  fig.  48,  is  thus 
practically  unaltered. 

Starting,  therefore,  with  a  pair  of  coils  at  right  angles  to  each 
other,  and  connected  with  a  pair  of  split-rings,  as  in  fig.  82,  instead 
of  widening  the  insulating  gaps  (as  was  done  in  the  case  of  the 
first  sub-class  of  direct-current  machines,  viz.  those  with  open- 
coil  armatures),  we  must  keep  the  gaps  small,  give  the  brushes  a 
sufficiently  wide  contact  surface,  and  set  them  in  such  a  position 
and  at  such  an  angle  to  the  split-rings  that  they  bridge  over  the 
insulating  material  between  the  segments  whenever  a  coil  is  in  the 
position  of  reversal.  Having  done  this  for  both  pairs  of  brushes, 
let  us  connect  one  brush  of  one  split-ring  with  the  brush  on  the 
opposite  side  of  the  other  ring  ;  thus  fig.  82  will  take  the  form 
shown  in  fig.  92,  which  represents  a  two-coil  ring,  and  by  its  side 
the  corresponding  drum-wound  armature ;  as  before,  for  the  sake 
of  clearness,  the  actual  connections  of  the  coils  to  the  segments 
are  omitted,  and  merely  indicated  by  corresponding  numerals. 
Brush  a!  is  joined  to  brush  ^,  and  the  remaining  pair  of  brushes 
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form  the  terminals  to  which  the  external  circuit  is  applied ;  as 
•shown  in  the  figure,  coil  b  is  in  the  position  of  reversal,  and, 
therefore,  is  short-circuited  through  its  brushes ;  the  current 
flows  into  «,  through  coil  A,  which  is  alone  supplymg  E.M.F., 
and  out  by  a'  into  b  and  b' ,  But  a  moment  later,  when  the 
armature  has  moved  further  round,  both  coils  will  be  in  action, 
and  neither  will  be  short-circuited  by  the  brushes ;  the  current 
due  to  the  E.M.F  induced  in  both  will  now  flow  through  coil  a, 
and  thence  through  coil  B,  leaving  the  armature  by  brush  b'.     As 
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the  armature  continues  to  rotate,  coil  a  will  in  turn  be  short- 
circuited  by  its  brushes  when  it  reaches  the  second  position  of 
reversal,  and  coil  b  will  alone  supply  E.M.F.  to  the  external  circuit; 
finally,  both  coils  will  come  again  into  action,  until  b  is  again 
short-circuited  {it  the  end  of  half  a  revolution. 

The  armature  circuit  is  thus  never  broken,  and  no  coil  is  ever 
open-circuited  ;  each  gives  a  curve  of  E.M.F.  as  shown  in  fig.  82, 
but  the  important  result  has  been  obtained  that  the  two  coils  are 
now  in  series,  and  the  curve  of  the  total  E.M.F.  acting  at  the  brushes 
a  and  b'  will  be  given  by  adding  together  simultaneous  ordinates 
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of  the  two  separate  curves  and  plotting  their  sums  as  a  third  curve. 
This  has  been  done  in  the  lower  part  of  fig.  92,  the  curve  c  d 
showing  the  effect  of  adding  together  in  series  the  E.M.F.'s  gene- 
rated at  each  instant  in  the  two  coils.  At  once  it  will  be  seen 
that  the  fluctuations  in  the  third  curve  of  joint  E.M.F.,  though 
still  marked,  are  very  much  reduced  in  value  from  what  they  are 
when  each  coil  acts  separately.  Expressed  as  a  percentage,  the 
fluctuation,  which  is  roughly  100  per  cent,  on  either  side  of  a 
mean  value  in  the  case  of  a  single  coil,  is  reduced  to  about  30  per 
cent,  in  the  case  of  two  coils  in  series. 

The  curve  c  d  should  be  contrasted  with  the  open-coil  curve 
of  fig.  86.  The  general  effect  of  both  open-coil  and  closed-coil 
arrangement  in  reducing  the  fluctuation  is  alike,  but  there  is  a 
difference  in  the  two  methods  of  obtaining  it,  and  consequently  in 
the  shapes  of  the  two  curves.  In  that  of  fig.  86  a  coil  was  first 
open-circuited,  next  thrown  into  parallel,  and  then  acted  separately. 
Now,  the  two  coils  are  either  in  series  or  one  of  them  is  short- 
circuited  \  as  the  E.M.F.  induced  in  one  coil  is  diminishing  in 
value,  that  of  the  other  coil  is  rising,  so  that  at  45**,  135®,  225°, 
and  315®  the  two  are  equal,  and  the  total  E.M.F.  then  reaches  a 
maximum,  while  it  never  falls  below  the  value  of  the  maximum 
E.M.F.  given  by  one  coil  when  in  the  position  of  best  action.  A 
further  step  towards  greater  constancy  of  E.M.F.  would  be  made 
by  arranging  still  more  coils  at  successive  small  angles  in  front  of 
each  other,  so  as  to  come  into  and  out  of  action  successively,  and 
fig.  93  shows  the  effect  of  superadding  the  E.M.F.'s  of  four  coils 
arranged  with  angles  of  45®  between  neighbouring  pairs,  there 
being  only  eight  small  undulations  in  a  revolution.  The  fluctua- 
tion is  now  reduced  to  only  10  per  cent  on  either  side  of  the 
average  value  throughout  a  revolution. 

If  such  third  and  fourth  coils  be  added,  their  split-rings  must 
be  so  arranged  that  the  angles  between  the  relative  positions  of  the 
diametric  line  through  the  insulating  gaps  of  each  commutator 
correspond  with  the  relative  angular  position  of  the  coils  on  the 
armature  (fig.  93) ;  and,  as  before,  brushes  on  opposite  sides  of 
the  commutators  must  be  joined  together  in  order  to  sum  up  the 
E.M.F.'s  of  the  coils.  Evidently  the  levelling  process  may  be 
continued  until  the  total  E.M.F.  is  practically  continuous  and 
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uniform,  provided  that  there  be  a  sufficient  number  of  small 
separate  coils  regularly  spaced  round  the  armature.  More  coils 
must  therefore  be  wound  on,  and  similarly  joined  together,  until 
finally  there  is  a  number  of  coils  and  split-rings,  all  arranged  with 
a  regular  angular  advance  on  one  another  until  an  angle  of  i8o° 
has  been  passed  through.  There  will  then  always  be  a  sensibly 
constant  number  of  inductors  actively  cutting  the  lines  of  the 
field,  and  placed  in  series  so  that  the  average  E.M.F.  due  to  them 
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as  a  whole  will  be  constant.  Not  only  does  the  continued  sequence 
of  one  coil  after  another  level  the  curve,  but  from  the  fact 
that  each  coil  now  contains  few  inductors,  and  is  one  of  a  large 
number,  the  effect  upon  the  whole,  as  each  is  short-circuited,  is 
enormously  reduced.  Such  a  set  of  symmetrically-arranged  coils 
might  be  made  to  cover  the  whole  of  the  armature  core  ;  if  com- 
posed of  drum -wound  loops  they  would  embrace  the  whole  of  the 
core,  and  if  of  ring-wound  loops,  then  for  each  coil  on  the  one 
half  of  the  ring  a  corresponding  coil  may  be  wound  diametrically 
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opposite  on  the  other  half  of  the  core,  which  will  give  an  E.M.F. 
similar  in  phase  and  intensity,  and  which  may  therefore  be  joined 
either  in  series  or  in  parallel  with  the  opposite  loop,  as  in  fig.  81. 
Thus  the  whole  of  the  armature  surface  would  be  utilised  for 
winding,  and,  with  a  large  number  of  coils,  the  fluctuations  of  the 
E.M.F.  would  be  reduced  to  an  inconsiderable  amount.  But  this 
would  necessitate  a  correspondingly  large  number  of  split-rings 
and  brushes  in  a  row,  which  would  be  at  once  cumbrous  and  in- 
convenient. Hence  a  simple  device  is  adopted,  which  results  in 
the  division  of  the  armature  winding  into  two  equal  and  similar 
halves  in  parallel.  In  fig.  92  the  effect  of  joining  brush  a!  across 
to  b  is  virtually  to  connect  one  end  of  coil  a  with  the  beginning 
of  the  next  coil,  b.  Similarly,  in  fig.  93,  the  end  of  one  coil  is 
electrically  connected  to  the  beginning  of  the  next,  as  2  to  3,  4 
to  5,  6  to  7.  If,  therefore,  the  four  split-rings  of  fig,  93  be  con- 
centrated into  a  portion  of  a  tube  or  cylinder  divided  into  four 
segmental  pieces  insulated  from  each  other,  upon  which  one  pair 
of  brushes  rests,  the  effect  at  the  moment  chosen  for  illustration 
will  be  unaltered.  An  end  view  of  the  new  arrangement  is  shown 
by  the  full-line  portion  of  fig.  94,  Pairs  of  segments  in  fig.  93  are 
replaced  by  single  segments 
as  indicated  by  the  nume- 
rals, and  the  coils  are  dia- 
grammatically  represented 
by  coiled  lines  external  to 
the  commutator.  But  im- 
mediately after  the  moment 
illustrated,  as  the  rotation 
is  continued,  brush  b'  will 
leave  the  segments,  unless  Fic.  94. 

the  whole  arrangement  is 

repeated  with  other  coils  so  as  to  make  the  joint  commutator 
symmetrical,  as  shown  in  dotted  lines.  If  this  be  done,  the 
coils  as  they  pass  from  between  the  brushes  on  the  one  side 
are  continually  replaced  by  other  coils  from  the  other  side  ;  it  will, 
however,  be  seen  that  the  possibility  of  having  a  second  set  of 
coils  joined  to  the  dotted  segments  must  now  be  considered. 
First  let  us  repeat  the  arrangement  of  fig.  92,  so  as  to  obtain 
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four  coils  symmetrically  placed  round  the  armature,  and  each  with 
its  ends  attached  to  its  own  split-ring  commutator  (fig.  95) ;  as 
before,  the  commutators  are  shown  in  perspective,  and  the  con- 
nections of  the  coils  are  marked 
by  the  numerals  i,  2,  3,  &c. 
As  in  fig.  92,  a  current  can  be 
collected  from  coils  a  and  b  by 
applying  the  external  circuit  to 
brushes  a  and  b ;  similarly,  a 
current  can  be  collected  fi-om 
coils  a'  and  b'  by  applying  the 
external  circuit  to  a'  and  b'.  If, 
therefore,  we  join  aU  the  brushes 
consecutively  on  opposite  sides 
of  the  commutators,  and  finally 
join  brush  If  to  brush  a,  both 
currents  can  be  collected  by 
applying  the  external  circuit  to 
brushes  a  and  b  as  before.  We 
now  have  a  dynamo  giving  an 
E.M.F.  curve  identical  with  that 
of  fig.  92,  but  carrying  twice  the 
current;  the  two  halves  of  the 
armature  winding  are  in  parallel, 
and  the  current  entering  at  a 
divides  within  the  armature  into 
two  equal  portions,  one  flowing 
through  coils  a  and  b,  and  the 
other  through  b'  and  a',  the  two 
reuniting  to  leave  at  b.  If  we 
now  replace  the  separate  brushes 
and  separate  commutators  by 
one  cylindrical  structure  divided 
into  four  segments  insulated 
from  each  other,  and  upon  which  one  pair  of  brushes  rests, 
the  effect  is  to  convert  the  whole  winding  of  the  armature  into 
a  closed  spirally-wound  coil,  joined  at  intervals  to  commutator 
segments.     The  end  of  one  coil  is  consecutively  joined  to  the 
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banning  of  the  next,  as  the  numerals  show,  until  the  end  of  the 
last  is  joined  to  the  beginning  of  the  first.  Fig.  96  shows  the 
joint  commutator  in  perspective,  and  below  are  shown  the  con- 
nections of  the  coils  ;  at  the  right  of  the  diagram  the  brushes  are 
shown  in  the  act  of  short-circuiting  coils,  a  and  a'.  The  whole  is 
now  symmetrical  on  both  sides  of  the  brushes,  and  rotation  can 
be  indefinitely  continued  without,  at  any  time,  breaking  the  circuit 
or  leaving  any  coil  open-circuited.  As  soon  as  any  coil  passes 
away  from  one  pole-piece,  it  is  short-circuited  under  a  brush,  and 


Fig.  96. 


passes  over  into  the  other  half  of  the  winding.  The  complete 
closed-coil  armature  is  now  seen  to  justify  its  name,  not  only 
because  a  coil  is  never  opened,  but  also  because  it  is  itself  a  closed 
helix,  formed  of  a  number  of  continuously  wound  loops  ;  starting 
from  any  point,  the  winding  can  be  traced  right  round  the  armature, 
without  any  breaks,  until  the  starting-point  is  again  reached. 
In  sharp  contrast  to  open-coil  machines,  the  brushes  must  be 
set  at  the  opposite  ends  of  a  diameter  corresponding,  not  with 
the  line  of  maximum  field,  but  with  the  neutral  line  of  zero  field. 

Having  once  arrived  at  an  armature  winding  divisible  into  two 
halves  in  parallel,  it  is  easy  for  us  to  pass  from  two  coils  in  each 
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half  to  three  or  four,  or  any  larger  number,  in  each  half  j  all  that 
is  necessary  is  to  introduce  more  segments  into  the  commutator, 
each  forming  a  connection  between  the  end  of  one  coil  and  the 
beginning  of  another. 

Thus,  with  eight  coils,  we  get  the  complete  commutator  of 
fig.  94  with  eight  segments.  In  fig.  97  is  shown  a  ring-wound 
armature  with  an  eight-part  commutator,  and  also  the  analogous 
drum-wound  armature,  each  with  the  same  number  of  inductors, 
occupying  the  same  amount  of  available  space  on  the  core  ;  in  the 
latter  each  loop  is  indicated  by  the  same  numerals,  as  i,  i',  the 
end  connections  at  the  further  end  of  the  drum  being  shown 
dotted.  Both  armatures  are  wound  left-handedly,  and  the  current 
enters  and  leaves  by  corresponding  brushes  ;  further,  the  direction 
of  the  current  along  the  length  of  the  inductors  is  shown  by 
marking  those  in  which  it  flows  towards  the  commutator  end  with 
a  dot,  those  in  which  it  flows  away  firom  that  end  being  crossed,* 
while  the  short-circuited  inductors  are  left  white.  Such  armatures 
with  eight  coils  will  give  a  curve  of  E.M.F.  similar  to  that 
given  by  the  four  coils  of  fig.  93,  but  will  again  carry  twice  the 
current. 

To  still  further  decrease  the  fluctuations  of  the  E.M.F.,  more 
coils  or  *  sections '  can  similarly  be  wound  on  to  the  armature, 
with  a  correspondingly  increased  number  of  commutator  segments, 
until  with  any  number  of  segments  more  than  thirty-six  the 
E.M.F.  at  the  brushes  may  be  regarded  as  practically  constant. 
With  a  large  number  of  commutator  parts,  the  simple  tubing 
divided  into  segments,  as  shown  in  fig.  96,  has  to  be  replaced  by 
a  built-up  structure,  consisting  of  a  number  of  wedge-shaped 
bars  of  hard-drawn  copper,  gun-metal,  or  phosphor-bronze  placed 
side  by  side,  but  completely  insulated  from  each  other  by  inter- 
vening strips  of  mica,  so  as  to  form  a  smooth  cylinder  upon  which 
the  brushes  rest,  the  whole  being  insulated  from  the  sleeve  and 
washers  by  which  the  segments  are  held  tightly  together. 

The  fundamental  principle  which  formed  the  starting-point  to 
a  discussion  of  the  armature  winding  of  bipolar  dynamos  was  that 

*  A  useful  convention,  employed  by  Prof.  S.  P.  Thompson,  and  easy  to 
recall  if  we  consider  the  dot  as  representing  the  head  of  an  advancing  arrow 
ftnd  the  cross  as  the  end  view  of  the  feathers  of  a  retreating  arrow. 
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in  all  the  inductors  under,  say,  the  N,  pole  the  E.M.P.'s  induced 
along  their  lengths  were  in  the  opposite  direction  to  the  E.M.F.'s 
in  the  inductors  under  the  S.  pole  ;  an  inspection  of  fig.  97 
shows  that,  by  both  methods  of  winding,  the  small  E.M.F.'s 
induced  simultaneously  in  each  inductor  are  added  together  in 
each  half  of  the  winding,  so  that  it  is  their  sum  which  causes  the 
current  to  flow  through  the  circuit,  entering  and  leaving  at  the 
brushes.  Further,  since  the  total  E.M.F.  is  practically  constant 
throughout  the  whole  revolution,  the  total  E.M.F.  induced  at 
any  moment  coincides  with  the  average  E.M.F. ;  hence  it  is 
sufficient,  in  order  to  determine  its  value,  to  find  the  total  number 
of  lines  cut  in  any  given  time  by  all  the  inductors  which  are  in 
series,  and  divide  that  number  by  the  time  taken  to  cut  them. 
Every  bipolar  closed-coil  armature  overwound  with  inductors 
may  be  divided  diametrically  into  two  halves  by  a  line  perpendi- 
cular to  the  line  of  magnetisation  of  the  field,  or  in  other  words 
by  a  line  at  right  angles  to  the  general  direction  of  the  lines 
of  induction  as  they  cross  from  the  one  pole-piece  to  the  other  \ 
along  the  outside  of  the  half  which  is  on  the  one  side  of  the 
dividing  line,  say  under  the  N.  pole,  there  is  a  sheet  of  current 
flowing  in  all  the  inductors  in  the  one  direction,  as  viewed  by  an 
observer  at  either  end ;  while  along  the  outside  of  the  other  half, 
the  sheet  of  current  flows  in  the  opposite  direction.  The  brushes 
remaining  stationary  on  the  revolving  commutator  form  the  con- 
tact surfaces,  by  means  of  which  the  current  is  collected  from  both 
halves  of  the  winding,  and  passed  into  the  external  circuit,  while 
further,  by  short-circuiting  the  coils  which  are  in  the  position  of 
zero  E.M.F.  they  serve  also  to  *  commute'  the  current,  or  enable 
a  coil  to  f>ass  from  the  one  half  of  the  armature  over  to  the  other, 
where  the  current  round  it  is  in  the  reverse  direction. 

The  commutator  segments  which  are  at  any  moment  situated 
between  the  brushes  serve  merely  as  junctions  between  the  end 
of  one  loop  or  coil  of  many  loops  and  the  beginning  of  the  next, 
but  their  true  function  is  called  out  as  rotation  continues,  and 
they  pass  successively  under  the  brushes.  As  at  any  moment 
they  are  situated  relatively  to  the  brushes,  their  potential  rises  by 
successive  and  approximately  equal  increments  as  we  pass  from 
the  negative  to  the  positive  brush  round  either  side  of  the  com- 
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mutator.  Each  commutator  segment  has  its  potential  raised  over 
that  of  the  segment  behind  it  by  the  amount  of  the  E.M.F. 
induced  in  one  coil  alone.  In  ordinary  incandescent-light 
dynamos  the  volts  induced  in  one  coil,  and  therefore  the  difference 
of  potential  between  two  contiguous  commutator  segments,  may 
be  taken  as  varying  between  two  and  five  volts  ;  thus  in  a  bipolar 
dynamo  with  loo  inductors,  giving  loo  volts,  and  a  50-part  com- 
mutator, the  two  halves  are  in  parallel,  so  that  each  inductor 
gives  about  two  volts  ;  and  since  there  are  two  inductors  to  each 
'  section,'  we  have  roughly  four  volts  generated  per  commutator 
bar.  It  should  be  observed  that  with  the  drum-wound  armature 
the  minimum  number  of  inductors  in  a  '  section '  is  two,  whereas 

Voliqgc     O 
inductor^ 


Vaiiage 
CunmBiai 


FtG.  98.— Development  of  ring  armature. 

in  a  ring  armature  there  may  be  only  one  loop  to  a  commutator 
bar,  and  therefore  only  one  inductor  \  in  other  words,  in  the 
Gramme- wound  ring  armature  the  number  of  loops  and  the  number 
of  inductors  are  identical,  whereas  in  the  Siemens-wound  drum 
the  number  of  loops  is  always  half  the  number  of  inductors. 

In  the  ring-wound  armature  the  rise  of  potential  roimd  the 
sections  of  the  commutator  simply  reproduces  the  more  gradual 
rise  of  potential  in  the  inductors  as  we  pass  from  the  negative  to 
the  positive  brush  round  either  half  of  the  armature  winding.  In 
fig.  98  the  ring  of  fig.  97  is  supposed  to  have  been  cut  along  its 
length  at  the  point  marked  x,  and  to  have  been  opened  out 
flat  Arrow-heads  on  the  lines  representing  the  external  in- 
ductors indicate  the  direction  of  the  current  in  each  inductor, 
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those  which  are  short-circuited  by  the  brushes  being  marked  by 
open  circles ;  and  the  rise  of  potential  in  the  inductors  and  in 
the  commutator  is  shown  on  the  supposition  of  two  volts  being 
generated  per  inductor.  Between  adjacent  coils  there  is  no  great 
difference  of  potential,  but  each  coil  adds  on  its  E.M.F.  until 
their  sum  acting  from  brush  to  brush  becomes  considerable. 
Even  in  'high-tension'  machines,  giving  over  i,ooo  volts,  the 
number  of  volts  per  coil  or  section  is  not  very  great ;  and,  there- 
fore, the  difference  of  potential  between  any  two  neighbouring 
wires  is  correspondingly  small.  In  this  lies  a  distinguishing 
feature  of  the  ring  armature  which  separates  it  from  the  drum, 
wherein  the  full  difference  of  potential  of  the  machine  exists 
between  two  pairs  of  neighbouring  inductors,  as  is  in  fact  shown 
by  the  drum  of  fig.  97  ;  for  there  it  is  seen  that  the  two  short- 
circuited  loops,  one  of  which  is  under  the  positive  brush  and  the 
other  under  the  negative,  are  contiguous  to  each  other,  i.e.  loops 
I,  i',  and  5,  5',  while  further  between  the  short-circuited  loops  and 
the  neighbouring  loops  on  either  side  the  full  pressure  of  the 
whole  E.M.F.  of  the  machine  exists. 

The  winding  of  the  drum  armature  requires  further  considera- 
tion,  for  there  is  more  than  one  method  by  which  the  inductors 
can  be  joined  together  into  loops,  so  as  to  fulfil  the  requisite 
conditions  of  an  armature  circuit  of  continuous  winding  closed 
upon  itself,  through  which  the  current  divides  into  two  halves, 
flowing  in  one  direction  along  one  half  of  the  circumference,  and 
in  the  opposite  direction  along  the  other  half.  In  the  bipolar 
dynamo  each  loop  of  a  drum  armature  must  approximately 
embrace  half  the  circumference  of  the  armature,  or  in  effect  be 
wound  nearly  diametrically  across  the  ends  of  the  drum  ;  but  it  is 
not  necessary  that  the  width  of  the  loop  should  be  exactly  equal 
to  the  pitch,  so  long  as  it  be  greater  than  the  ¥ndth  of  the  field, 
and  therefore  has  but  little  E.M.F.  induced  in  it  when  in  the 
position  of  commutation.  Hence  if  we  distribute  a  number  of 
inductors  equally  spaced  round  an  armature  core,  as  in  fig.  99, 
and  start  a  loop  from  the  commutator  segment  marked  i,  we  can 
form  the  second  side  of  the  loop  by  means  of  any  of  the  three 
inductors  marked  8,  9,  10,  and,  further,  the  loop  so  formed  may  be 
ended  at  either  of  two  commutator  segments,  viz.  2  or  8,  the  one 
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so  chosen  forming  the  starting-point  for  a  second  loop.  la  the 
case  of  an  even  number  of  commutator  parts,  as  shown  in  fig.  99, 
to  join  I  with  9,  the  dia- 
metrically opposite  inductor, 
gives  an  irregular  and  un- 
symmetrical  winding,  which 
is  now  seldom  if  ever  used. 
Hence  one  inductor  is  con- 
nected to  another  which 
falls  just  short  of  being 
diametrically  opposite. 

Having  decided  on  which 
side  of  the  diametric  line 
passing  through  the  first 
inductor  the  loop  is  to  be 
completed,  i.e.  whether  by 
inductor  10  or  inductor  8, 
two  distinct  methods  present  themselves,  according  as  the  com- 
mutator segment  which  forms  the  junction  of  the  first  and 
second  loops  is  on  the  opposite  or  the  same  side  of  the  diametric 
line  as  the  first  loop.  Further,  each  of  these  two  methods  may 
be  right-  or  left-handed  ;  and,  lastly,  the  connecting  wires  or  strips 
at  the  ends  of  the  drum  while  joining  any  two  given  inductors 
may  pass  round  on  either  side  of  the  shaft. 

First  let  the  commutator  segment,  which  ends  the  first  loop 
and  begins  the  second,  be  on  the  opposite  side  of  the  diametric 
line  to  the  first  loop.  The  left-handed  form  of  this  first  method 
joins  I  with  10  at  the  further  end  of  the  drum,  and  thence  proceeds 
to  the  commutator  segment  numbered  2  ;  it  has  already  been 
shown  in  fig.  97,  but  is  repeated  in  fig.  100,  where  the  inductors 
are  numbered  successively  all  round  the  armature  instead  of  by 
their  loops  ;  fmther,  the  end  connections  of  the  armature  instead 
of  being  shown  passing  straight  across  from  side  to  side  at  the  far 
.  end  are  curved  round  the  shaft,  as  in  practice  they  must  neces- 
sarily be. 

In  fig.  100  the  far-end  connection  of  i  and  10  is  shown  to  the 
left  of  the  shaft,  as  in  practice  is  most  advantageous,  since  if  the 
connector  passes  round  to  the  right  of  the  shaft  its  length  is 
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greater  than  it  need  be ;  and  the  same  would  hold  good  for  all 
the  connectors  at  the  further  end  of  the  armature.    Consequently 


Cemmulator 


Fig.  too.— Left>handed  drum  winding  on  method  i  (wave  winding 

with  this  method  the  connectors  at  the  two  ends  of  any  bar 
should  be  arranged  so  that  they  pass  round  the  armature  shaft  on 
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opposite  sides.  At  the  bottom  of  fig.  100  is  shown  a  develop- 
ment of  the  winding,  the  armature  being  supposed  to  be  cut  at 
the  point  x  and  flattened  out  after  the  same  manner  as  the  ring 
armature  in  fig.  98  ;  the  inductors,  while  of  the  same  length,  are 
supposed  to  be  arranged  so  that  at  each  end  of  the  drum  every 
other  bar  projects  beyond  the  intermediate  ones ;  the  end  con- 
nections are  shown  by  lines  aU  equally  inclined  to  a  centre  line 
round  the  armature,  and  joining  the  long  end  of  one  bar  to  the 
short  end  of  another,  while  the  letters  a,  ^,  Cy  dy  &c,  mark  corre- 
sponding portions  of  the  end  connectors,  where  they  would  join 
if  the  armature  were  again  bent  up  into  a  cylinder.  If  the  wind- 
ing thus  viewed  in  plan  be  followed  out,  it  is  seen  to  work  con- 
tinuously forwards  in  zigzag  fashion,  and  this  corresponds  with 
the  fact  that  the  slope  of  the  connectors  at  either  end  of  the 
drum  is  in  opposite  directions,  as  viewed  from  the  commutator 
end    This  method  is  known  as  'wave  winding.' 

The  whole  is  perfectly  regular  and  symmetrical,  each  loop 
being  of  exactly  the  same  total  length  as  every  other,  and  spanning 
the  same  extent  of  the  circumference  of  the  armature ;  if  t  =  the 

total  number  of  inductors,  each  connector  spans  -—2  inductors. 

The  rise  of  volts  round  the  two  divisions  of  the  armature  is  marked 
at  the  top  on  the  supposition  of  two  volts  being  generated  per 
bar,  and  also  on  the  commutator  segments;  it  should  be  con- 
ttasted  with  that  of  the  ring  armature  in  fig.  98. 

The  corresponding  right-handed  form  of  the  first  method  joins 
inductor  i  in  fig.  99  with  inductor  8,  and  ends  the  first  loop  at 
the  commutator  segment  marked  8,  which,  relatively  to  the  dia- 
metric line  passing  through  mductor  i,  is  on  the  opposite  side  to 
the  first  loop ;  fig.  10 1  shows  the  winding  complete.  It  will  be 
seen  that  it  is  exactly  analogous  to  the  left-handed  winding  of 
fig.  100,  but  now  with  the  same  arrangement  of  bars  and  the  same 
field  the  current  enters  at  the  top  brush  and  leaves  at  the  bottom. 

The  second  entirely  distinct  method  ends  the  first  loop  and 
begins  the  second  at  a  s^ment  on  the  same  side  of  the  diametric 
line  as  the  first  loop.  The  left-handed  form  joins  inductors  i 
and  8  and  ends  the  loop  at  segment  2,  and  is  shown  in  detail 
in  fig.  102.    It  will  be  seen  that  the  current  enters  and  leaves  by 
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the  sanie  brashes  as  in  the  left-handed  form  of  the  first  method. 
The  winding  is  again  perfectly  regular  and  symmetrical,  but  by 
this  second  method  it  works  backwards  and  forwards  round  the 
armature ;  hence  it  is  known  as  *•  lap  winding,'  since  the  series  of 


Commuiatar 
SegmmlB, 


Fig.  xoz.— Ri^t-handed  drum  wiodtng  od  method  i  (wave  winding). 
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loops  overlap  each  other,  the  first  inductor  of  every  following 
loop  lying  within  the  arc  embraced  by  the  preceding  loop. 
With  the  same  arrangement  of  bars  as  before,  the  slope  of  the 
connectors  at  either  end  of  the  drum  is  in  the  same  direction  as 


Vota^e  of  Yo   \Jo 
(haumdator 


Fig.  xoa.— I<eft-handed  dram  winding  on  method  2  (lap  winding). 
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viewed  from  the  commutator.     Each  connector  at  the  for  end 

spans  -—2  inductors,  while  those  at  the  commutator  end  are 

shorter  and  only  span  -  -  4  inductors." 

So  far  the  number  of  commutator  segments  has  been  assumed 
to  be  even ;  there  remains  for  consideration  the  question  of  an 
uneven  number.  In  this  case  each  loop  is  made  perfectly  dia- 
metric, so  that  the  two  previously  described  methods  may  be 
regarded  as  coalescing,  and  the  only  variation  possible  in  the 
winding  is  that  it  may  be  either  right-  or  left-handed.  Fig.  103 
shows  a  left-handed  armature  with  eighteen  inductors  and  nine 
commutator  segments  ;  the  winding  is  regular  and  symmetrical  in 
so  far  as  each  loop  is  of  the  same  length,  and  the  number  of 
active  inductors  in  each  half  of  the  armature  winding  is  identical  \ 
but  only  one  section  is  short-circuited  at  a  time.  Thus,  in  the  dia- 
gram the  lower  brush  is  in  the  act  of  short-circuiting  loop  9-18, 
but  when  the  armature  has  rotated  through  a  small  angle,  loop 
I -10  will  be  short-circuited  by  the  upper  brush. 

Owing  to  the  fact  that  the  two  halves  of  the  armature  winding 
of  any  bipolar  continuous-current  machine  are  in  parallel,  they 
may  be  likened  to  two  similar  batteries  joined  in  parallel  so  as  to 
supply  current  in  equal  degree  to  one  and  the  same  external  cir- 
cuit (fig.  104).  For  this  to  be  the  case  it  is  necessary  that  the 
E.M.F.'s  and  resistance  of  the  two  batteries  should  be  alike,  but  it 
is  even  more  important  in  the  case  of  the  dynamo  that  the  E.M.F.'s 
induced  in  each  half  of  the  winding  and  their  resistance  should 
be  exactly  equal  to  each  other.  For  consider  the  consequences  if 
in  the  one  half  of  the  winding  there  is  generated  an  E.M.F. 
greater  by  one  volt  than  that  which  is  generated  in  the  other  half. 
First  suppose  that  the  machine  is  running  *  on  open  circuit,'  that 
is,  without  any  brushes  to  collect  the  current ;  then  since  the  wind- 

*  It  may  be  remarked  that  for  both  the  above  methods  of  winding  it  is 
not  necessary  that  the  indactors  should  be  of  the  same  length  and  arranged 
as  shown  in  the  diagrams;  they  may  also  be  alternately  long  and  short, 
the  effect  being  simply  to  alter  the  slope  of  the  connectors  at  one  or 
other  end,  rendering  it  the  same  at  both  ends  in  method  i  and  opposite  in 
method  a. 


Digitized  by  VjOOQ  IC 


CLOSED-COIL  ARMATURES 


20I 


ing,  whether  ring  or  drum,  forms  an  endless  helix  closed  on  itself, 
we  should  virtually  have  a  constant  E.M.F.  of  one  volt  driving  a 


toiiagc  of 
inductors 


Fig.  103.    Left-handed  drum  winding  with  uneven  number  of  segmenu. 
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useless  current  round  the  armature  through  the  resistance  of  the 
entire  winding  in  series.  Such  a  local  current  must  absorb  a 
corresponding  amount  of  power,  and  this  evil  may  assume  con- 
siderable proportions  if  we  remember  that  the  resistance  of  all  the 
armature  coils  in  series  may  not  be  more  than  the  hundredth  part 
of  an  ohm,  in  which  case  a  current  of  loo  amperes  is  produced, 
and  power  is  wasted  at  the  rate  of  loo  watts.  Next  let.the  brushes 
be  '  down '  in  contact  with  the  commutator,  and  suppose  that 
current  is  being  supplied  to  an  external  circuit  (fig.  104) ;  then  if 
we  reckon  firom  the  negative  brush  as  at  zero  potential,  the  voltage 
of  the  commutator  segments  upon  which  the  positive  brush  rests 
must  be  equal  to  the  internal  E.M.F.  of  that  half  of  the  armature 


Fia  104. 

which  has  the  highest  E.M.F.  minus  the  loss  of  volts  correspond- 
ing to  the  passage  of  the  current  through  the  resistance  of  that 
half.  E,g,  let  e,  be  the  internal  E.M.F.  induced  in  the  one  half  of 
the  winding,  and  c^  be  the  current  flowing  through  its  resistance  r,  ; 
then  so  long  as  e,— ^,ri  is  greater  than  Ej,  the  second  half  of  the 
winding  will  not  supply  any  current  to  the  external  circuit,  and, 
further,  will  have  a  wasted  current  driven  in  a  reverse  direction 
through  it ;  while  the  first  half  of  the  winding  will  carry  both  the 
useful  and  the  useless  currents,  these  together  making  up  c^^  But 
if  the  resistance  of  the  external  circuit  be  decreased,  and  so  c^,  the 
external  current,  be  increased,  the  loss  of  volts  over  r^  will  be  in- 
creased, until  after  a  certain  point  is  reached  E,  —  ^ir,=E2  ;  then 
^isc«  the  second  half  of  the  winding  being  entirely  useless.    If 
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the  external  useful  cuneat  be  further  increased,  Bi— ^irj  will 
become  less  than  e^,  and  the  useful  current  will  now  divide 
through  the  two  halves  in  such  proportions  that  S|-*^ir,aaEs 
-^^2  ^s>  either  value  being  die  potential  of  the  commutator  s^- 
ment  s^  on  which  the  positive  brush  rests.   Hence,  if  risr^ 

^1  — ^s= — 2 —  ' 

in  other  words,  the  current  divides  in  unequal  proportions  through 
the  two  halves  of  the  winding,  the  current  through  r^  being  greater 
than  that  through  r^  by  the  fixed  amount  necessary  to  lower  e^  to 
a  terminal  voltage  equal  to  £3.  Hence  if  the  inequality  of  E.M.F. 
be  great,  an  excessive  current  will  be  continually  flowing  through 
one  half  of  the  winding,  while  the  other  is  carrying  less  than  that 
which  it  is  designed  to  pass  without  overheating. 

The  above  is  the  result  of  inequality  in  the  KM.F.'s  induced 
in  two  halves,  which  have  the  same  resistance.  Next  let  their 
internal  E.M.F.'s  be  equal,  but  not  their  resistances,  r,  being 
greater  than  rj.  Then  on  open  circuit  there  is  no  loss ;  but  when 
the  external  circuit  is  closed,  since  the  terminal  voltage  e^  of 
either  half  must  be  the  same, 

whence 

and  therefore  the  current  divides  unequally  in  die  inverse  ratio 
of  the  two  resistances.  As  the  armature  rotates,  this  division  of 
the  current  will  adjust  itself  to  the  changing  pair  of  resistances, 
and  hence  the  current  in  each  half  will  fluctuate,  which  is  again 
undesirable. 

It  is  therefore  essential  with  either  the  ring-  or  drum-winding, 
or  any  development  of  them,  that  both  the  internal  E.M.F.'s  and 
the  resistances  of  the  portions  of  the  armature  which  are  at  any 
time  in  parallel  should  be  very  approximately  equal. 

In  the  case  of  a  drum  armature  overwound  with  loops»  since 
each  loop  passes  simultaneously  through  the  fields  on  both  sides 
of  the  armature,  it  is  imimportant,  so  far  as  equality  of  £.M»F.  o£ 
the  two  halves  is  concerned,  whether  as  many  lines  are  cut  by 
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each  inductor  when  moving  under  the  one  pole  as  when  moving 
under  the  other ;  and  therefore  one  field  might,  owing  to  a  lateral 
leakage  of  lines  from  the  core,  be  weaker  than  the  other  without 
prejudicial  effect.  But  in  the  case  of  the  ring  armature  the 
number  of  lines  entering  it  on  the  one  face  must  be  the  same  as 
the  number  leaving  it  on  the  other,  if  two  similar  halves  of  the 
winding  are  to  produce  equal  E.M.F.'s.  In  practice,  however, 
this  condition  is  always  fulfilled,  and  need  not,  therefore,  be 
further  considered.  But  given  fields  of  equal  strength  and  similar 
distribution  on  either  side  of  the  armature,  it  is  evident  that, 
whether  it  be  ring-  or  drum-wound,  since  it  rotates,  the  actual  set 
of  coils  which  are  in  parallel  at  any  moment  is  continually  and 
progressively  changing.  Hence  in  order  to  secure  equality  of 
internal  E.M.F.  and  of  internal  resistance  in  the  two  halves  each 
loop  should  be  exactly  similar  to  every  other  loop  in  all  respects, 
or  at  least  all  the  sections  of  the  winding  as  attached  to  the  com- 
mutator segments  must  be  alike.  They  must  therefore  consist  of 
the  same  number  of  turns  or  loops,  with  the  same  resistance  and 
wound  similarly ;  they  must  all  be  symmetrical  relatively  to  the 
axis  radially  and  circumferentially.  If  wound  in  more  than  one 
layer,  the  length  of  wire  in  each  coil  must  be  the  same  in  order 
that  all  the  coils  may  have  the  same  resistance.  In  ring-wound 
armatures  this  is  easily  secured,  since  each  coil,  whether  in  one  or 
many  layers,  is  wound  exactly  similarly  to  every  other ;  but  in  drum- 
wound  armatures,  in  which  there  are  two  or  more  layers  of  wind- 
ing, precautions  must  be  taken  to  ensure  an  equal  length  and  resist- 
ance in  each  and  every  coil. 

In  our  previous  diagrams  of  drum  armatures  the  winding  has 
been  disposed  in  one  layer  only,  and  the  loops  of  one  half  of  the 
winding  occupy  intermediate  spaces  between  the  loops  of  the 
other  half;  now,  in  the  case  of  small  drum  armatiures,  in  which 
the  winding  of  each  coil  of  many  turns  is  composed  of  an  un- 
broken length  of  wire  wound  along  the  surface  and  over  the  ends 
of  the  core  without  any  joints,  the  above  arrangement  must  be 
reproduced ;  that  is  to  say,  intermediate  spaces  must  be  left 
between  each  successive  coil  of  the  first  half  of  the  winding,  so 
that  the  remaining  coils  forming  the  second  half  of  the  winding 
may  be  wound  into  the  spaces  so  left  vacant,  the  whole  surface 
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of  the  armature  being  thus  eventually  covered  with  one  uniform 
layer  of  winding.  In  practice,  after  the  first  coil  has  been  wound 
the  core  would  be  turned  round  through  an  angle  of  180^,  and 
the  coil  belonging  to  the  diametrically  opposite  commutator 
segment  would  then  be  wound  side  by  side  with  the  first  coil, 
after  which  the  core  would  again  be  turned  round,  and  another 
coil  wound,  the  beginning  of  which  would  be  afterwards  joined 
to  the  same  commutator  s^ment  as  the  end  of  the  first ;  thus,  in 
fig.  97  coils  I,  i'  and  5,  5'  would  be  wound  first,  and  then  coil  2,  2'. 
The  same  process  would  again  be  repeated,  until  the  whole 
number  of  coils  was  wound,  and  each  would  thus  have  the  same 
length  of  wire  and  be  similar  to  every  other.  The  total  number 
of  loops  to  be  wound  may,  however,  be  so  large  that  with  wire 
of  suitable  diameter  they  will  require  to  be  disposed  in  two  or 
more  layers.  When  this  is  the  case  the  simplest  plan  would  be 
to  entirely  cover  the  surface  of  the  core  with  half  of  the  total 
number  of  coils,  and  then  wind  the  second  half  in  a  second  layer 
on  the  top  of  the  first  But  this  simple  method  is  open  to  the 
great  objection  that  the  coils  of  the  sefcond  half  of  the  winding 
are  longer  than  those  of  the  first  half.  Two  courses  are  therefore 
open  to  us,  by  either  of  which  this  evil  is  obviated  :  either  each 
coil  must  be  built  up  in  two  or  more 
layers,  so  as  to  exactly  reproduce 
the  arrangement  described  above 
for  a  single  layer,  as  is  shown  in 
fig*  105,  where  the  black  circles 
indicate  the  loops  of  a  coil  belong- 
ing to  a  diametrically  opposite  com- 
mutator segment ;  or  each  complete 
coil  must  be  split  into  two  equal 
portions,  and  the  second  half  wound 
on  the  top  of  the  first  half  of  the 
diametrically  opposite  coil.  Fig. 
106  shows  a  drum- wound  armature 
with   each   coil   divided    into  two  ic.  105. 

halves :  these  lie  alternately  over  and  under  the  corresponding 
halves  of  the  other  coil  which  belongs  to  the  diametrically  opposite 
commutator  segment ;  consequently  one  half  of  each  coil  is  wound 
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(irat,  mdihe  second  half  oaa  only  be  completed  when  the  first 
half  of  the  neighbouring  coil  has  been  wound,  in  the  diagrams 
the  beginning  and  end  connections  of  each  coil  are  shown,  the 
intermediate  connections  between  the  two  halves  of  each  coil, 
which  are  omitted  for  the  sake  of  clearness,  being  easily  traceable. 
Next,  in  ring  or  drum  the  bra^ies  must  be  set  at  the  opposite 
ends  of  a  diameter,  so  as  to  divide  the  commutator  segments, 
and  therefore  the  annature  coils,  into  two  equal  halves. 


We  now  have  an  armature  which  is  electrically  symmetrical, 
and  this  is  sufficient  in  the  case  of  drum-wound  armatures  to 
secure  equality  of  the  E.M.F.'s  of  tlie  two  halves  and  an  equal 
division  of  the  current  between  them.  But  in  the  case  of  rings 
a  further  condition  must  be  fulfilled,  and  this  is  that  the  field 
should  be  symmetrical.  We  have  so  far  only  assumed  that  the 
number  of  lines  cut  by  the  inductors  on  either  side  of  the  armature 
is  the  same ;  but,  more  than  Ihat,  if,  as  in  fig.  44,  we  divide  the 
armature  into  two  halves  by  the  dotted  line  s  n,  passing  through 
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the  centre  of  the  fields  on  eidier  side  of  the  armature,  the  dis- 
tribution of  the  field  in  the  upper  half  must  be  similar  to  the 
diatribution  in  the  lower  half.  If  the  density  of  the  field,  e,g,  at 
the  lower  comers,  be  greater  than  the  density  at  the  upper  comers, 
the  exact  position  in  which  a  coil  ought  to  be  short-circuited  by 
the  bmsh  will  not  be  the  same  at  the  top  as  it  is  at  the  bottom  ; 
hence  if  both  bmshes  are  set  so  as  to  short-circuit  the  coils  at 
their  proper  moments  the  armature  will  no  longer  be  electrically 
balanced,  since  the  portion  of  the  winding  between  the  bmshes 
on  the  one  side  will  not  be  similar  to  the  portion  between  them 
on  the  other  side,  and  therefore  their  resistances,  if  not  their 
E.M.F.'s,  will  be  unequal.  Hence,  for  ring  armatures,  not  only 
must  the  winding  be  electrically  symmetrical,  but  the  field  must 
also  be  magnetically  symmetrical 

To  sum  up, — the  condition  of  a  successful  continuous-current 
armature  with  a  commutator,  of  which  one  portion  is  in  parallel 
with  another,  is  perfect  symmetry,  by  reason  of  which  the  two 
portions  are  as  nearly  as  possible  similar. 

It  will  now  be  clear  that  the  bipolar  continuous-current 
machine  is  in  reality  two  dynamos  in  parallel,  each  giving  the 
same  E.M.F.,  but  together  capable  of  carrying  twice  the  current 
that  either  could  carry  by  itself  without  overheating. 

From  this  point  it  is  easy  to  pass  to  multipolar  continuous- 
current  machines  whose  armatures  are  divisible  into  as  many 
parallels  as  there  are  poles.  By  the  same  method  as  was  applied 
to  altemator  armatures  (p.  145,  figs.  70,  71)  let  us  cut  the  ring  or 
dmm  of  fig.  97  radially  along  the  line  x ,  and  open  them  out ;  then 
the  whole  can  be  repeated  a  second  or  any  number  of  times  :  in 
fig.  107  the  dotted  lines  show  a  repetition  of  the  bipolar  armatures 
of  fig.  97,  the  full  and  dotted  lines  together  forming  a  4-pole 
dynamo.  The  winding  still  forms  a  closed  spiral,  the  only  changes 
being  that  there  are  as  many  points  of  collection  of  the  current  as 
there  are  poles,  and  that  the  loops  of  the  drum  span  a  smaller  pro- 
portion of  the  circumference,  the  extent  depending  on  the  number 
of  poles.  In  a  4-pole  field  the  loops  of  a  dmm,  instead  of  spanning 
approximately  half  the  circumference,  as  in  the  2 -pole  field,  will 
now  span  approximately  a  quarter  of  the  circumference.  Similarly, 
in  a  6-pole  field  the  end  connections  join  together  inductors 
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separated  approximately  by  60°,  or  a  sixth  of  the  circumference. 
Fig.  108  shows  a  development  of  the  winding  of  the  4-pole  drum 
armature  of  fig.  107.    A  4-pole  dynamo  is,  in  fact,  two  bipolar 


Ring 


^  Dram. 


Fio.  ro7.~Paimllel-wound  multipolar  armatiirei. 

machines  with  a  common  armature  core,  and  therefore  four  dynamos 
in  parallel,  together  capable  of  carrying  four  times  the  current 
that  each  quarter  of  the  winding  could  carry  separately. 
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Just  as  in  the  2-pole  dynamo  there  are  two  neutral  points 
whare  the  coils  are  commuted,  and  two  corresponding  points  on 
the  commutator  where  the  current  is  collected  by  the  brushes,  so  for 
the  parallel-wound  armature  placed  in  a  4-pole  field  there  are  four 
such  points.  To  collect  the  current,  opposite  brushes  a  and  r, 
b  and  4  are  joined  together,  or,  as  this  is  virtually  equivalent  to  con- 
necting opposite  commutator  bars,  the  same  end  can  be  attained 
by  means  of  a  set  of  cross-connections,  which  join  together  such 
bars  as  are  at  the  same  potential.  When  thus  cross  connected 
there  are  only  two  external  points  of  collection  and  two  sets  of 


Fig.  108. —Development  of  parallel-wound  multipolar  drum. 

brushes ;  in  a  4-pole  machine  each  commutator  bar  must  be 
connected  to  that  which  is  diametrically  opposite,  and  the  two 
positions  for  the  brushes  are  at  right  angles ;  in  a  6- pole  field 
each  cross-connection  must  connect  three  segments  situated  120° 
apart,  the  brushes  being  placed  60**  or  180°  apart ;  in  an  8-pole 
field  each  cross-connection  must  join  four  segments  90°  apart, 
and  the  brushes  are  45°  or  135°  apart  (cp.  p.  254). 

There  still  remains  the  multipolar  drum  wound  armature,  in 
which  the  winding  is  not  divisible  into  as  many  parallels  as  there 
are  poles,  but  is  *  series-wound,*  as  it  is  termed ;  by  this  method 

p 


Digitized  by  VjOOQ  IC 


2IO  THE  DYNAMO 

the  E.M.F.*s  produced  by  half  the  number  of  inductors  are 
summed  up  in  series,  just  as  in  the  bipolar  continuous-current 
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Fig.  Z09. — Series-wound  multipolar  dnim. 


dynamo,  and  there  are  therefore  only  the  two  halves  of  the  arma- 
ture in  parallel,  whatever  the  number  of  poles.  Starting  from  any 
one  inductor,  the  'wave'  winding  works  continuously  forwards  in  a 
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zigzag  round  the  entire  armature,  and,  after  traversing  as  many  in- 
ductors as  there  are  poles,  returns  to  the  second  inductor  in  front  of 
or  behind  the  starting-point  Thus,  in  a  4-pole  machine,  starting 
along  an  inductor  under,  say,  a  N.  pole,  the  far-end  connection 
joins  it  to  an  inductor  nearly  but  not  quite  90^  ahead  of  it  and 
under  a  S.  pole  ;  thence  the  circuit  passes  on  in  succession  to  a 
third  and  fourth  inductor,  nearly  180**  and  270*  ahead  of  the 
starting-point  \  and  finally  to  a  fifth  inductor,  next  but  one  to  the 
starting-point,  a  little  more  or  less  than  360^  having  thus  been 
traversed.  A  similar  tour  of  the  armature  is  again  made,  and  is 
repeated  until  the  winding  closes  on  itself.  In  order  that  the 
winding  should  so  close,  it  is  necessary  that  the  total  number  of 
inductors  should  be  equal  to  p  x/f±2,  where  p  is  the  number  of 
poles  and  n  =  any  odd  number.  Fig.  109  shows  a  6-pole  series- 
wound  drum  armature,  the  total  number  of  inductors  being 
32=6  X  5 -I- 2.  Whatever  the  number  of  poles,  only  two  sets  of 
brushes  are  needed.  If  the  number  of  pairs  of  poles  be  odd,  the 
brushes  must  be  placed  diametrically  opposite  to  each  other,  as  in 
the  diagram  for  three  pairs  of  poles ;  but  if  the  number  of  pairs 
is  even,  the  angular  distance  between  the  brushes  corresponds  to 
that  between  poles  of  opposite  sign,  being  90^  for  four  poles  and 
4S**  or  135**  for  eight  poles. 

The  formula  which  determines  the  value  of  the  internal  E.M.F. 
induced  in  any  continuous-current  closed-coil  armature  is  easily 
obtained,  owing  to  the  fact  that  with  any  fairly  large  number  of 
sections  in  the  commutator  the  E.M.F.  has  practically  a  constant 
value,  and  therefore  it  is  sufficient  to  determine  the  average 
E.M.F.  during  any  period  of  time,  such  as  one  revolution.  In 
any  armature,  whether  bi-  or  multi-polar,  the  number  of  lines  cut 
in  one  revolution  by  each  inductor  must  be  p .  z^,  where  z«  is  the 
number  of  lines  that  enter  into  or  leave  the  armatiure  core  by  any 
one  pole,  and  p  is  the  number  of  poles.  In  a  bipolar  machine, 
where  p  =  2,  the  lines  passing  into  and  through  the  armature  are 
cut  twice  by  each  inductor  in  each  revolution,  once  as  they  enter 
the  core  from  a  N.  pole,  and  once  where  they  leave  it  to  pass  into 
a  S.  pole,  thus  making  the  total  number  cut  in  one  revolution  2Z« ; 
similarly,  in  a  4-pole  machine,  the  number  cut  by  each  inductor 
in  one  revolution  is  4Z«.    In  the  case  of  fiat-ring  machines,  in 

pa 
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which  poles  are  presented  to  both  sides  of  the  armature,  it  is 
most  convenient  to  consider  any  pair  of  similar  poles  facing 
opposite  sides  of  the  armature  as  forming  one  polar  surface,  and 
z«  as  the  number  of  lines  entering  into  the  armature  from  ^y  such 
pair  of  similar  poles,  p  being  then  reckoned  only  on  one  side  of 
the  armature.     Now  the  time  in  seconds  taken  to  perform  one 

complete  revolution  is /  =  i  =— ,  where  n  is  the  number  of 

N  N 

revolutions  per  minute.    The  average  E.M.F.  in  volts  induced 

in  each  inductor  in  one  revolution  is  proportional  to  the  total 

number  of  lines  cut  divided  by  the  time  taken  to  cut  them,  and  is 

therefore 

tf-  =  L:-2ixio"*  =p.z^x  — xio"*, 
60  60 

N 

The  total  internal  E.M.F.  induced  in  the  armature  is  the  sum  of 
the  E.M.F.'s  induced  in  the  inductors  which  are  in  series,  and 
it  only  remains,  therefore,  to  consider  how  many  of  the  total 
number  of  inductors  are  in  series,  or,  conversely,  into  how  many 
parallel  circuits  the  armature  winding  is  divided.  Let  r  =  the 
total  number  of  active  inductors  counted  all  round  the  surface  of 
the  armature ;  then  in  bipolar  machines  half  of  them  are  at  any 
one  time  in  series,  and  consequently  the  E.M.F.  induced  in  the 
machine  as  a  whole  is 

E^  =  -  .  ^a  =  -^  ,  p  .  z^  X  ^  X  lO"*, 
22  00 

But  P  also  =  2  ;  whence 

^-  =  ^-^--fc^^°"* (") 

Similarly,  in  the  case  of  multipolar  machines  with  parallel- 
wound  armatures,  there  are  as  many  parallels  as  there  are  poles, 

or  the  number  of  inductors  in  series  is  - .  Hence  we  arrive  at 
exactly  the  same  expression  as  for  bipolar  machines,  viz. 

E,  =-  .  p .  z^  .  ^  X  io-« 
p  60 

-T.z..^xio-». (12) 
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If,  however,  the  multipolar  dynamo  has  a  series-wound  arma- 
ture, and/  =  the  number  of  pairs  of  poles,  or  — ,  then,  since  half 

2 

of  the  total  number  of  inductors  are  in  series,  we  have 

E,  =  I.p.z..ii..io-» 
2  60 

=  /.T.Z^.— -.    IO-*.      •       .       .       •       .       (13) 
00 
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CHAPTER  XII 

THE  MAGNETISATION  OF   IRON 

The  magnetisation  of  iron  has  already  been  alluded  to  in  Chapter 
III.,  but  it  is  now  necessary  to  consider  the  subject  more  fully, 
and  at  the  outset  to  recur  to  the  experiment  of  wrapping  a  number 
of  insulated  turns  of  copper  wire  uniformly  round  a  ring  (fig.  ii), 
and  passing  a  current  through  the  wire.  The  number  of  lines  of 
induction  that  flow  through  the  interior  of  the  magnetised  helix  is 
then  measured  by  means  of  an  exploring  or  test  coil  and  the  deflec- 
tions which  it  produces  in  a  ballistic  galvanometer.^  Attention 
has  already  been  called  to  the  primarily  important  fact  that  with  a 
given  magnetising  current  the  number  of  lines  flowing  through 
the  magnetised  ring  is  very  much  greater  if  it  enclose  an  iron  core 
than  if  its  coils  encircle  merely  air,  wood,  or  other  non-magnetic 
material.  But,  further,  if  we  make  the  same  experiment  upon  two 
rings  of  iron  of  the  same  dimensions  but  of  diflerent  quality,  e,g, 
one  of  soft  annealed  wrought  iron,  and  the  other  of  cast  iron,  it 
will  be  found  that  the  same  magnetising  current  will  not  produce 
nearly  so  many  lines  in  the  cast  iron  as  in  the  wrought  iron,  from 
which  it  follows  that  the  permeability  of  the  latter  is  greatly 
superior  to  that  of  cast  iron.  The  physical  and  chemical  qualities 
of  the  substance  do,  in  fact,  exert  a  powerful  eflect  upon  its  mag- 
netic properties,  as  is  shown  by  the  very  great  diflerences  which 
exist  between  the  permeabilities  of  diflerent  classes  of  iron  and 
steel,  e.g,  if  steel  be  alloyed  with  12  per  cent,  of  manganese,  it 
becomes  almost  non-magnetic. 

Next,  if  we  take  a  ring  of  any  magnetic  material  and  vary  its 

*  For  a  description  of  the  exact  method  the  reader  is  referred  to  Swing's 
Magnetic  Induction  in  Iron  and  other  Metals^  chapter  iii. ;  Vignoles 
<  Researches  in  Electro-magnetic  Induction  '  in  the  Electrician^  May  15 
and  22,  1 891 ;  Hopkinson,  <  Magnetisation  of  Iron,*  PhiL  Trans.  1885. 
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magnetising  current,  the  number  of  lines  flowing  through  it  will 
also  vary,  but  not  by  any  means  in  proportion  to  the  strength 
of  the  current — a  very  striking  fact  which  sharply  divides  off  iron 
from  air ;  for  the  permeability  of  air  is  strictly  constant,  and  the 
number  of  lines  through  a  ring  of  air  is  simply  proportional  to  the 
magnetising  amp^re-tums.  Roughly  speaking,  the  number  of 
lines  induced  in  iron  will  for  a  small  number  of  amp^re-tums  be 
almost  proportional  to  varying  strengths  of  current,  but  after  a 
certain  magnetisation  is  reached  each  successive  increase  in  the 
strength  of  the  magnetising  current  will  produce  less  and  less 
effect ;  the  permeability  of  the  iron,  therefore,  falls  off,  or,  as  it  is 
popularly  termed,  the  iron  becomes  'saturated,'  and  presents  a 
greatly  increased  reluctance  to  further  induction  of  lines. 

Lastly,  if  we  raise  the  magnetising  current  to  a  certain  value, 
and  then  gradually  reduce  it  to  zero,  the  lines  produced  in  a  ring 
of  air  also  vanish  entirely  ;  if,  however,  there  be  an  iron  core  to 
the  ring  there  are  still  some  lines  passing  through  it,  even  when 
the  magnetising  current  has  been  reduced  to  nothing ;  in  other 
words,  the  iron  'retains'  a  certain  amount  of  magnetism, so  that  zero 
magnetising  current  does  not  necessarily  imply  zero  lines,  and  we 
are  confronted  with  the  problem  of  a  flux  of  lines  without  any 
corresponding  magneto-motive  force.  In  more  general  terms,  if  the 
current  be  raised  to  some  high  value,  and  is  then  gradually  reduced 
to  a  smaller  value,  the  number  of  lines  flowing  through  the  iron  is 
not  the  same  as  when  the  current  had  the  same  smaller  value,  but 
was  being  increased  in  strength ;  it  is,  in  fact,  greater  when  the 
current  is  being  decreased  than  when  it  is  being  increased, 
although  the  actual  value  of  the  current  strength  may  be  the  same. 
Again  we  find  that  no  such  phenomenon  takes  place  in  the  case 
of  air  or  other  non-magnetic  substance. 

It  is  evident,  therefore,  that  the  permeability,  /a,  of  any  material 
depends,  not  merely  upon  whether  it  is  magnetic  or  non-magnetic, 
but  if  it  be  the  former,  upon  three  conditions.  These  may  be 
summed  up  as  follows :  (i)  Its  physical  and  chemical  state,  e,g, 
whether  it  be  wrought  iron  or  cast  iron,  annealed  or  hardened  ; 
or  whether  it  be  alloyed  with  other  substances,  and  what  is  the  per- 
centage in  which  these  are  present.  But  the  permeability  even  of 
a  definite  chemical  substance  in  a  definite  physical  state  is  not  a 
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constant  quality  ;  it  also  depends  on  (i)  the  value  of  the  induction 
or  extent  to  which  the  iron  or  other  magnetic  material  is  at  tfie 
time  magnetised  in  any  given  case.  Regarded  from  this  point 
of  view,  the  permeability  is  a  function  of  b,  the  number  of 
lines  passing  per  square  centimetre.  Herein  it  differs  decisively 
from  the  analogous  property  of  electrical  conductivity,  for  in  the 
case  of  the  electric  circuit  the  specific  resistivity  of  the  material 
composing  it  is  not  a  function  of  the  current,  but  has  a  value  in- 
dependent of  the  amount  of  current  flowing  through  it,  save  in  so 
far  as  this  indirectly  affects  the  temperature  of  the  conductor. 
Although,  therefore,  the  analogy  between  magnetic  permeability 
and  electric  conductivity  is  perfect  in  the  case  of  air  and  non- 
magnetic bodies,  it  is  far  from  holding  in  the  case  of  iron.  While 
the  permeability  of  iron  may  be  3,000,  or  even  more,  with  ah 
induction  8=5,000,  yet  when  the  induction  has  been  raised  by 
special  methods  to  the  enormously  high  value  of  4S>35o>  the  value 
of  /i,  is  reduced  to  less  than  2.  From  this  it  will  be  seen  that 
although  air,  gun-metal,  zinc,  &c.  may  be  regarded  as  magnetic 
insulators  relatively  to  iron  when  the  latter  is  weakly  magnetised, 
yet  when  the  iron  is  *  saturated '  the  difference  in  their  permea- 
bilities becomes  enormously  reduced ;  for  values  of  the  induc- 
tion in  wrought  and  cast  iron  such  as  are  ordinarily  reached  in 
practice,  their  permeabilities  may  be  said  to  stand  to  that  of  air 
in  the  ratio  of  about  200  or  100  to  i,  but  for  higher  values  it 
continually  decreases,  until  finally  for  intense  saturation  it  is 
reduced  to  about  double  that  of  air.  Lastly,  the  permeability 
depends  upon  (3)  the  previous  magnetic  history  of  the  metal,  ix, 
upon  whether  it  has  been  previously  subjected  to  a  larger  or  a 
smaller  induction.  The  iron  has  as  it  were  a  magnetic  memory 
by  reason  of  which  the  number  of  lines  passing  through  it  differs 
in  the  two  cases  of  an  ascending  or  a  descending  magnetisation. 

Such  being  the  complex  nature  of  the  permeability  ft=— ,  it  is 

xl 

necessary  to  examine  carefully  the  whole  process  of  the  mag- 
netisation of  iron,  and  represent  it  graphically  by  'curves  of 
magnetisation,'  connecting  together  corresponding  values  of 
B  and  H. 

From  the  known  number  ot  turns,  t,  and  ampferes,  a,  flowing 
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in  our  magnetising  helix,  we  can  obtain  h=^^J^  ,  i.e.  the  total 

magneto-motiYe  force  acting  round  the  ring  of  fig.  11  divided  by 
the  length  in  centimetres  over  which  that  force  is  distributed,  or 
I  "256  times  the  ampfere-tums  per  centimetre  length.  This  quantity 
H  in  C.G.S.  units  is  usually  known  in  the  present  connection  as 
*the  magnetising  force'  to  which  the  iron  is  subjected;  but  it 
may  also  be  expressed  as  the  fall  of  magnetic  potential  which 
takes  place  over  a  centimetre  length  of  the  substance  forming  the 
interior  of  the  helix  when  b  lines  flow  through  each  square 
centimetre  of  its  cross-section.  By  varying  a  and  measuring  the 
corresponding  z=Ba  (a  being  the  area  of  the  iron  in  square  centi- 
metres) a  number  of  corresponding  values  of  h  and  b  are  obtained, 
and  these  when  plotted  as  abscissae  and  ordinates  respectively  are 
joined  to  form  a  curve  of  magnetisation.  Let  us  first  take  a  soft 
annealed  wrought-iron  ring ;  let  this  be  previously  unmagnetised, 
and  therefore  in  an  entirely  neutral  state,  or  else  let  it  be  carefully 
demagnetised  by  means  of  a  gradually  decreasing  alternate  current 
passed  through  the  magnetising  helix  ;  let  us  then  determine  its 
ascending  curve  of  magnetisation,  the  current  being  increased  in 
strength  step  by  step,  and  the  induction  being  separately  deter- 
mined for  each  step.  At  the  outset,  for  very  small  magnetising 
forces,  the  value  of  b  rises  at  a  certain  slow  rate  almost  propor- 
tionately to  the  increase  of  magnetising  force ;  when,  however, 
the  force  has  reached  a  value  of  about  i  or  2  C.G.S.  units  the 
rate  of  rise  of  the  induction  changes  very  rapidly  to  a  much  in- 
creased value ;  at  this  new  rate  the  induction  again  continues  to 
rise  almost  proportionately  to  the  increase  of  the  magnetising 
force,  but  when  the  latter  is  raised  to  a  value  of  from  5  to  10, 
although  the  induction  b  continues  to  increase,  its  rate  of  rise  falls 
off,  and  becomes  gradually  less  and  less  rapid.  The  curve  thus 
obtained  for  b  and  h  is  that  marked  o  e  in  fig.  1 10 ;  since  the  iron 
was  at  the  outset  unmagnetised,  it  starts  from  the  origin,  and  rises 
with  the  increasing  magnetising  force,  as  shown  by  the  ascending 
arrow.  It  is  divisible  approximately  into  three  different  portions, 
maiked  a^b^c^  for  a  short  distance  from  the  origin  it  is  but 
slightly  inclined  to  the  horizontal  axis,  along  which  the  magnetising 
force  is  reckoned  \  it  then  passes  by  a  rapid  bend  into  a  long  part. 
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by  of  great  steepness,  and  approidmately  straight;  gradually,  how- 
ever, the  curve  bends  over,  forming  a  rounded  comer,  or  *knee,' 
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and  finally  continues  to  rise  in  a  slightly  curved  line,  r,  inclined 
at  a  small  angle  to  the  horizontal  axis. 

After  having  reached  the  point  e  on  the  ascending  curve  of 
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magnetisation^  let  us  gradually  reduce  the  strength  of  the  magnet- 
ising current,  and  so  of  the  magnetising  force.  Again  measuring 
values  of  the  induction  at  different  stages,  we  are  thence  enabled 
to  trace  the  curve  of  descending  magnetisation,  and  this,  as  has 
been  already  stated,  is  by  no  means  identical  with  the  ascending 
curve.  It  is  marked  II.  with  a  downward  arrow  in  fig.  no,  and  is 
considerably  higher  than  the  ascending  curve,  so  that  when  the 
magnetising  force  is  zero  it  cuts  the  vertical  axis  at  some  point,  r, 
considerably  above  the  horizontal  axis.  The  height  o  r  measures 
the  number  of  lines  still  passing  per  square  centimetre  of  the  iron 
when  the  magnetising  force  is  gradually  reduced  to  zero,  or  the 
'residual  magnetic  induction'  of  the  iron;  its  exact  amount 
depends  upon  the  value  to  which  the  induction  in  the  iron  has  been 
previously  raised,  and  from  which,  as  a  starting-point,  the  reduction 
b^an,  while  the  proportion  which  it  bears  to  the  maximum  in- 
duction reached  is  an  indication  of  the  '  retentiveness '  of  the  iron. 
After  reaching  point  r  on  the  downward  curve  a  negative 
magnetising  force  is  required,  or,  in  other  words,  the  direction  of 
the  magnetising  force  must  be  actually  reversed  in  order  to  reduce 
B  to  zero.  The  amount  of  this  negative  force,  which  has  to  be 
applied  in  order  to  reduce  b  exactly  to  zero  after  it  has  been  pre- 
viously raised  to  a  high  value,  is  called  the  '  coercive  force '  of  the 
iron ;  it  is  measured  by  the  length  of  the  line  o  c  in  fig.  no. 

If,  after  reaching  the  point  £  on  the  ascending  curve,  the 
magnetising  force,  instead  of  being  reduced,  had  been  still  further 
increased  past  the  value  corresponding  to  that  point,  the  curve 
would  become  flatter  and  flatter,  but  it  never  becomes  truly  hori- 
zontal ;  although  the  iron  may  now  be  said  to  be  '  saturated,'  the 
induction  b  never  ceases  to  increase  when  the  magnetising  force  is 
increased,  so  that  there  is  no  definite  limiting  value  of  b  beyond 
which  it  cannot  be  raised ;  the  permeability  of  the  iron  is 
enormously  reduced,  but  even  when  the  peculiar  action  of  the 
iron  in  increasing  the  magnetic  flux  is  almost  imperceptible,  more 
lines  can  always  be  propelled  through  the  helix,  just  as  if  it  were  a 
simple  solenoid  enclosing  merely  air  and  without  any  core  of  iron. 
'  Saturation '  is,  in  fact,  a  relative  term,  and  no  particular  numerical 
value  can  be  attached  to  it.  The  iron  is  usually  said  to  be  '  satu- 
rated '  when  the  curve  of  magnetisation  has  begun  to  bend  over  at 
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the  rounded  knee  between  b  and  c,  but  the  exact  appearance  of 
the  curve  and  position  of  the  bend  largely  depend  on  the  respec- 


tive scales  to  which  b  and  h  are  plotted.     Fig.  iii  shows  the 
curves  of  magnetisation  of  three  different  kinds  of  iron,  the  ascend- 
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ing  curve  being  shown  full  and  the  descending  curve  dotted  :  in 
these  the  induction  and  magnetising  force  (the  latter  shown  in 
the  lower  of  the  two  scales  along  the  horizontal  axis)  have  been 
carried  to  much  higher  values  than  in  fig.  no.  The  scale  of  h 
has  been  altered  to  obtain  a  convenient  size  of  diagram,  and  it  will 
be  seen  that  now  the  bend  of  the  curve  for  annealed  wrought  iron 
appears  to  be  at  8=14,000  instead  of  at  b=ii,ooo»  as  in  fig.  no. 
The  curves  of  the  former  figure  serve  to  show  the  differences 
existing  between  the  permeabilities  of  different  materials  used  in 
the  manufacture  of  dynamos.  The  most  permeable  material  is 
charcoal  iron  of  good  quality,  soft  and  well  annealed,  or  very 
piure  wrought  iron  j  but  mild  cast  steel  containing  a  small  percent- 
age of  carbon  may  almost  equal  or  even  surpass  ordinary  annealed 
wrought  iron ;  as  is  shown  by  the  curve  in  fig.  in  for  a  mild  cast 
steel  containing  0*8  per  cent,  of  combined  carbon. 

The  permeability  of  iron  is  largely  affected  by  the  presence 
of  impurities,  intermixed  or  in  combination  with  it,  such  as 
phosphorus,  sulphur,  tungsten,  or  antimony,  and  also  by  the 
dosely-connected  physical  quality  of  *  hardness.'  Wrought  iron 
when  rolled  into  thin  sheets  or  drawn  into  wires  may  usually  be 
relied  upon  as  being  soft,  owing  to  the  processes  of  manufacture 
through  which  it  has  to  be  carried,  and,  further,  in  this  form  it 
admits  of  a  very  thorough  annealing.  When,  however,  such  sheets 
are  stamped  or  punched  out  into  the  shapes  suitable  for  dynamo 
purposes,  it  is  usual  to  subject  the  stampings  to  a  further  re- 
annealing,  since  by  the  process  of  stamping  they  become,  to  a 
certain  extent,  hardened.  In  cast  iron  the  effects  of  impurities 
and  of  hardness  are  again  very  marked.  The  iron  used  for  castings 
should  be  specially  soft  and  pure,  and  all  hardening  or  chilling 
of  it  after  casting  should  be  avoided  by  allowing  it  to  cool  as 
slowly  as  possible,  or  in  other  words  by  annealing  it.  Roughly,  it 
may  be  said  that,  for  ordinary  values  of  h  between  50  and  200,  the 
permeability  of  cast  iron  is  only  half  that  of  annealed  wrought 
iron  ;  but  different  samples  of  cast  iron  show  much  more  diverg- 
ence among  themselves  in  permeability  than  would  be  found  in  as 
many  samples  of  wrought  iron.  The  amount  of  *  retentiveness  * 
and  of  *  coercive  force'  likewise  varies  greatly  in  different  qualities 
of  iron,  and  is  affected  by  their  purity  and  hardness.  It  will  be  seen 
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from  fig.  Ill  that  when  a  high  magnetising  force  is  gradually 
reduced  to  zero,  the  residual  magnetic  induction  which  persists  in 
annealed  wrought  iron  is  about  7,000  or  8,000,  while  for  cast  iron 
it  is  about  4,000. 

The  retentiveness  (or)  of  soft  annealed  wrought  iron  is 
greater  than  that  of  any  other  material,  since  as  much  as  80 
or  90  per  cent  of  the  induction  may  be  retained.  Its  coercive 
force,  o  c,  is,  however,  very  small,  and  the  residual  magnetism  is 
quickly  reduced  by  a  feeble  demagnetising  force,  or  by  mechanical 
vibration,  jarring,  or  tapping,  especially  when  the  iron  circuit  is 
incomplete.  Hard  iron  and  steel,  although  retaining  less  magnetic 
induction  than  soft  iron,  keep  it  much  more  strongly,  and  there- 
fore permanent  magnets,  which  are  required  to  maintain  their 
magnetisation,  in  spite  of  mechanical  shocks  or  demagnetising 
influences,  are  made  of  steel,  the  most  suitable  alloy  being  tungsten 
steel,  of  which  the  coercive  force  is  as  much  as  50  C.G.S.  units. 
Were  it  not  for  the  fact  that  a  high  magnetic  induction  cannot 
be  obtained  with  hard  steel  owing  to  its  low  permeability,  the 
field-magnets  of  dynamos  would  be  made  of  steel  permanently 
magnetised,  and  requiring  no  exciting  current ;  but  in  default  of  a 
material  which  is  at  once  permeable  and  retentive,  and  possessing 
considerable  coercive  force,  we  are  compelled  to  employ  soft  iron 
or  mild  steel :  these  are  permeable,  but  require  the  exciting  current 
to  be  continuously  maintained  round  them  in  order  that  they  may 
not  lose  their  magnetism  entirely  by  reason  of  the  mechanical 
vibration  to  which  the  dynamo  is  subject  when  running. 

Reverting  to  the  dovmward  curve  of  fig.  no,  it  is  seen  that 
the  changes  in  the  magnetic  state  of  the  iron  are  not  coincident 
with  the  changes  in  the  strength  of  the  magnetising  force,  but 
lag  behind  them  :  this  is  most  forcibly  exemplified  by  the  residual 
magnetic  induction  which  persists  when  the  positive  magnetising 
force  has  been  reduced  to  zero,  and  by  the  fact  that  the  induction 
only  becomes  zero  after  the  magnetising  force  has  reached  a 
definite  negative  value.  The  physical  fact  here  described  is 
known  shortly  as  the  '  magnetic  hysteresis '  of  the  iron.  In  con- 
sidering this  phenomenon  it  should  be  carefully  noted  that  it  is 
not  a  lagging  behind  in  point  of  time^  since  the  actual  time  taken 
for  the  changes  in  the  value  of  the  magnetising  force  (provided 
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they  be  not  extremely  rapid)  is  immaterial.  The  magnetic  hysteresis 
depends  merely  on  the  order  of  succession  of  the  different  current 
strengths,  and  even  long  intervals  of  waiting,  during  which  the 
magnetising  force  is  kept  constant,  do  not  obliterate  the  distinc- 
tion between  ascending  and  descending  curves.  What  is  really 
implied  by  the  term  '  magnetic  hysteresis '  is  that  if  the  magnetising 
force  is  reduced  from  a  stronger  to  some  weaker  value,  the  rate  at 
which  the  magnetic  induction  becomes  reduced  with  reference  to 
strength  of  magnetising  force,  or  the  slope  of  the  downward  curve, 
is  less  than  the  rate  at  which  it  increased  when  the  magnetising 
force  was  raised  from  the  weaker  up  to  the  stronger  value; 
thus,  if  at  point  R  the  magnetising  force  be  again  reapplied  in  a 
positive  direction,  the  rate  at  which  the  induction  is  recovered  is 
again  less  than  the  rate  at  which  it  was  lost  for  a  change  of  mag- 
netising force  within  the  same  limits. 

Let  us  now  continue  the  descending  curve  from  the  point  c 
onwards  by  increasing  the  negative  magnetising  force,  and  so 
reversing  tiie  direction  of  the  induction.  After  reaching  some 
point,  e',  let  us  gradually  reduce  the  negative  magnetising  force, 
reverse  it,  and  increase  its  strength  in  the  former  positive  direction. 
A  new  ascending  curve  marked  III  is  thus  traced,  which  again 
shows  hysteresis  :  it  differs  in  shape  from  our  previous  ascending 
curve,  which  started  with  the  iron  in  a  neutral  or  *  virgin '  state, 
but  is  analogous  to  the  descending  curve  II.  By  carrying  the  new 
ascending  curve  up  far  enough,  it  will  eventually  cut  curve  IL,  say 
at  E,  and  we  thus  arrive  at  the  same  point  whence  we  started  to 
trace  the  descending  curve.  A  complete  loop  has  therefore  been 
described,  and  the  two  curves  Nos.  II  and  III  enclose  a  certain 
area  depending  upon  the  extent  to  which  they  diverge  from  one 
another  between  the  points  e  and  e\  The  magnetising  force  has 
been  taken  through  a  cycle  of  changes  in  direction  and  value, 
eventually  returning  to  the  same  point  as  that  from  which  the 
cycle  began,  and  the  iron  has  similarly  been  taken  from  a  positive 
magnetisation  to  a  negative  and  back  again.  It  is  not,  however, 
necessary  that  the  magnetising  force  should  be  actually  reversed 
in  order  that  the  ciirve  of  induction  may  describe  a  complete 
loop  ;  it  is  sufficient  to  partially  withdraw  the  magnetising  force 
and  then  reapply  it    Thus,  at  any  point  on  the  ascending  curve 
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the  gradual  increase  of  the  magnetising  current  might  be  suspended, 
and  it  might  be  first  reduced  and  then  again  increased  ;  a  small 
loop  would  then  be  traced  on  the  magnetisation  curve  inside  the 
large  one  J 

Now  it  can  be  shown  that  the  area  of  any  complete  loop 
formed  by  taking  iron  through  a  complete  cycle  of  magnetic 
induction  represents  a  certain  amount  of  energy  which  must  be 
spent  per  unit  of  volume  in  performing  this  cycle ;  ue,  on 
the  C.G.S.  system  a  definite  number  of  ergs  of  work  done 
in  taking  each  cubic  centimetre  of  iron  through  the  cycle  of 
induction  traced  by  the  loop.  This  amount  of  energy  is  irrevoc- 
ably lost,  being  dissipated  throughout  the  iron  as  heat.  The  effect 
of  hysteresis  is  most  marked  on  the  second  or  steep  part  of  the 
curve  (^,  fig.  no),  i.e.  if  the  limits  within  which  the  magnetising 
force  is  cyclically  varied  fall  within  or  embrace  that  portion  of  the 
curve ;  cyclic  changes  of  a  strong  magnetising  force  taking  place 
entirely  on  the  upper  flat  portion  of  the  curves  of  fig.  in,  i.e. 
when  the  iron  is  *  saturated,*  show  so  little  hysteresis  that  its  effect 
is  almost  negligible,  and  no  difference  is  discernible  in  the  ascend- 
ing or  descending  curves  {vide  fig.  1 1 1).  On  the  steep  portion  of 
the  curve  a  cycle  of  changes  in  the  strength  of  the  magnetising 
force  once  performed  will  cause  the  induction  curve  to  describe  a 
loop,  but  the  crossing  of  the  descending  and  ascending  curves 
may  not  coincide  with  the  starting-point  whence  the  descent  was 
begun  \  hence  a  repetition  of  the  same  cycle  of  changes  will  not 
cause  die  loop  to  be  exactly  retraced.  If,  however,  the  magnetis- 
ing-force  cycle  be  repeated  several  times,  the  iron  will  eventually 
reach  such  a  state  that  the  same  loop  will  be  continually  retraced, 
and  the  change  of  magnetic  induction  will  itself  become  strictly 
cyclic  and  coincident  with  the  magnetising-force  cycle.  The 
need  for  several  repetitions  of  the  magnetising  cycle  in  order  that 
the  same  loop  may  be  exactly  retraced  each  time  is  much  less 
marked  when  the  two  limiting  values  of  the  loop  are  high  up  on 
the  positive  and  negative  curves,  and  in  the  drawing  of  fig.  no 
it  has  been  assumed  that  the  maximum  negative  induction  at  e'  is 
equal  to  the  positive  induction  at  e,  and  is  reached  for  the  same 

'   Vide  Prof.  Ewing,  Magnetic  Induction  in  Iron  and  other  MitalSy  chap.  v. 
pp.  94-95- 
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value  of  magnetising  force  as  corresponds  with  £  on  both  the  two 
ascending  curves.  Thus,  for  simplicity's  sake,  only  three  curves  are 
shown,  and  the  cycle  of  induction  of  curves  II.  and  III.  once  traced 
is  immediately  capable  of  indefinite  repetition  so  long  as  the  same 
cycle  of  magnetising  force  is  repeated.  But  even  if  this  be  not 
so,  when  the  magnetising  force  is  continuously  varied  between 
two  fixed  values  in  either  direction,  the  magnetic  effect  soon  also 
becomes  cyclic,  and  the  induction  likewise  varies  between  two 
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Fig.  119.— Disupation  of  energy  in  iron  through  hysteresis. 

values  in  each  cycle.  If,  therefore,  the  loops  obtained  when  the 
iron  is  carried  from  a  strong  positive  induction  to  an  equally  strong 
negative  magnetisation,  and  back  again  to  the  original  starting- 
point,  are  determined  for  several  different  values  of  the  maximum 
induction,  it  will  be  found  that  the  area  of  the  loops,  and  therefore 
the  energy  dissipated  in  heat  in  each  complete  cycle,  depends 
upon  the  nature  of  the  material  and  also  upon  the  maximum 
induction  up  to  which  the  iron  is  carried.    The  amount  of  this 
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'loss  by  hysteresis'  for  any  cycle  may  roughly  be  said  to  vary 
directly  as  the  coercive  force,  and  inversely  as  the  steepness  of  the 
second  portion  of  the  curve  ;  thus  in  soft  annealed  iron  it  is  very 
small,  even  for  a  cycle  of  strong  magnetisation,  but  in  certain  steels 
it  becomes  very  considerable,  amounting  to  as  much  as  200,000 
ergs  per  cubic  centimetre  per  cycle  in  tungsten  steel.  Taking,  how- 
ever, any  one  substance,  it  has  been  found  that  the  loss  of  energy 
by  hysteresis  is  not  proportional  to  the  maximum  induction,  but 
increases  more  rapidly.     In  fig.  112  the  curve  shows  the  relation 

between  the  number  of  joules  or  ^^  expended  in  each  complete 

cycle,  and  the  maximum  induction,  for  annealed  wrought  iron. 
For  any  given  maximum  induction  let  k  be  the  value  obtained 
from  the  curve  ;  then  the  total  hysteresis  loss  in  any  piece  of  iron 
in  carrying  it  through  a  complete  magnetic  cycle  is  kc^  where 
f=the  number  of  cubic  centimetres  of  iron ;  if,  therefore,  p  be 
the  number  of  complete  cycles  per  second,  heat  is  generated  in 
the  iron  at  the  rate  of  hep  joules  per  second,  or  kcp  watts.  The 
importance  to  us  of  this  physical  fact  will  be  alluded  to  subse- 
quently. 

It  will  now  be  fully  evident  that  the  relation  between  b  and  h 
or  the  permeability  of  a  given  sample  of  iron,  even  with  a  definite 
magnetising  force,  cannot  be  specified,  and  may  take  any  one  of  a 
large  range  of  values  according  to  the  previous  treatment  to  which 
it  has  been  subjected;  in  fact,  it  has  no  definite  signification 
unless  closely  qualified.  Since,  however,  the  effect  of  hysteresis 
is  very  slight  when  the  iron  is  strongly  magnetised  or  '  saturated,' 
and  since  in  dynamo  field-magnets  the  iron  is  usually  magnetised 
to  a  fairly  high  induction  of  over  14,000  in  wrought  iron  or  6,500 
in  cast  iron,  the  value  of  b  for  a  given  magnetising  force  will  differ 
little,  however  the  latter  has  been  arrived  at — that  is,  whether  the 
magnetising  force  has  been  decreased  down  to  or  increased  up  to 
that  value. 

At  this  point  it  will  be  well  to  give  an  outline  of  that  theory 
of  induced  magnetism  which  at  the  present  day  seems  best  able 
to  account  for  the  very  large  range  of  facts  that  have  been  brought 
to  light  by  experimental  research.  The  molecular  theory,  as  it  is 
termed,  starts  with  the  fundamental  assumption  that  the  molecules 
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of  a  magnetic  body  are  already  and  always  permanent  magnets 
endowed  with  polarity,  and  that  the  process  of  magnetisation 
consists  in  turning  these  small  magnets  so  that  the  direction  of 
their  magnetic  axes  coincides  more  or  less  with  the  direction  of 
the  magnetising  force  due  to  some  external  cause.  The  actual 
distances  between  the  centres  of  the  molecular  magnets  are 
supposed  not  to  be  changed  (save  by  the  effects  of  mechanical 
stress  or  heating),  so  that  each  magnet  is  only  capable  of  rotation 
about  its  centre.  Since,  however,  as  we  see  from  the  ascending 
curve  of  fig.  no,  it  requires  a  strong  magnetising  force  to  induce 
a  high  magnetic  induction  in  iron,  it  is  evident  that  the  molecules 
cannot  be  perfectly  free  to  turn  and  set  themselves  along  the 
direction  of  the  magnetising  force ;  for  in  that  case,  even  when  a 
weak  magnetising  force  was  applied,  they  would  all  swing  round 
into  line  with  its  direction,  and  the  iron  would  at  once  become 
entirely  'saturated.'  They  must  therefore  experience  some  re- 
straint, and  the  exact  nature  of  this  restraint  has  hitherto  proved  a 
stumbling-block.  But  in  1890  the  experiments  of  Professor  Ewing 
led  him  to  return  to  the  simplest  hypothesis,  viz.  that  it  is  the 
mutual  attraction  and  repulsion  of  the  molecular  magnets  which 
supplies  the  constraining  force,  and  hinders  their  immediate 
alignment  into  perfect  parallelism  with  the  magnetising  force.  By 
means  of  a  model  visibly  representing  the  supposed  molecular 
structure  of  a  magnetic  body,  he  was  able  to  imitate  most  of  the 
phenomena  of  magnetism,  and  thence  to  deduce  the  following 
theory.*  The  molecules  of  a  piece  of  iron  when  in  a  neutral  state 
are  arranged  in  a  number  of  groups :  these  are  not  necessarily 
identical  in  configuration,  but  each  of  them  is  stable,  and  has  no 
external  magnetic  effect,  the  attractions  and  repulsions  of  each 
magnet  being  satisfied  within  its  own  group.  For  small  displace- 
ments of  its  members  the  whole  group  remains  stable ;  but  if  the 
members  are  turned  through  a  sufficiently  great  angle,  and  the 
group  is  distorted,  one  or  more  members  become  unstable,  and 
their  equilibrium  is  liable  to  be  upset.    The  result  is  that  for  a 

*  '  G>iitribations  to  the  Molecular  Theory  of  Induced  Magnetism,'  by  Pro- 
fessor Ewing,  reprinted  in  the  Eledrictan,  September  12  and  19,  189a  The 
student  is  also  referred  to  the  same  author's  Magnetic  Induction  in  Iron  atid 
other  MetcUst  chap.  xi.  pp.  287-3CX>. 
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slight  increase  of  the  displacement  the  whole  group  becomes 
broken  up,  and  has  to  be  partially  or  wholly  rearranged  and  re^ 
constructed  after  a  new  plan.  From  the  nature  of  the  group 
above  described,  it  follows  that  when  a  group  is  subjected  to  a 
magnetising  force  which  is  gradually  increased  in  strength  from 
zero,  the  first  effect  is  to  produce  a  stable  deflection  of  all  members 
of  a  group,  except  those  which  lie  exactly  along  or  opposite  to  the 
direction  of  h,  and  the  general  lines  of  the  group  are  still  retained. 
This  corresponds  with  the  initial  stage  of  magnetisation  («,  fig.  no) 
when  the  induction  increases  at  a  slight  rate  almost  proportional 
to  the  increase  of  the  magnetising  force.  But  now  let  the  value 
of  H  be  increased  still  further;  the  members  of  the  group  are 
still  further  deflected,  until  at  last  one  or  more  members  become 
unstable.  The  ties  which  bound  them  are  then  ruptured,  and  the 
intermolecular  attractions  and  repulsions  constrain  it  and  others 
to  entirely  change  their  grouping,  and  take  up  some  new  con- 
figuration, the  main  lines  of  which  agree  more  closely  with  the 
direction  of  h.  In  general,  with  a  considerable  number  of  different 
groups,  this  stage  of  instability  will  not  be  reached  by  them  all 
simultaneously  at  one  given  value  of  h,  but  group  after  group 
will  gradually  become  unstable  and  break  up.  This  second  stage, 
when  the  groups  are  one  after  another  passing  through  an  unstable 
condition,  corresponds  to  the  steep  part  of  the  ascending  curve 
(^,  fig.  no)  when  the  induction  increases  at  a  rapid  rate.  If  h 
be  still  fiirther  increased  in  strength,  we  have  the  third  stage 
(^,  fig.  no),  in  which  the  alignment  of  the  molecules  becomes 
gradually  more  and  more;  perfect ;  as  each  molecule  is  pulled 
more  and  more  into  line  with  h,  the  iron  becomes  more  and  more 
'saturated,'  and  its  permeability  decreases.  The  deflections  of 
the  molecules  in  their  third  stage  are,  however,  again  stable,  as  in 
the  first  stage. 

But  now,  if  after  stage  2  the  force  h  is  gradually  removed, 
the  majority  of  the  groups,  having  swung  over  to  a  new  stable 
condition,  retain  their  new  configuration ;  hence,  if  the  force  be 
reduced  to  zero,  there  is  still  a  considerable  amount  of  residual 
magnetic  induction,  and  it  will  require  the  magnetising  force  to 
be  actually  reversed  to  produce  a  condition  of  instability  in  the 
new  groupings,  and  so  cause  them  to  be  in  their  turn  upset  and 
replaced  by  fresh  configurations.    Thus  the  gradual  removal  of 
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the  magnetising  force  does  not  lead  to  the  exact  and  complete 
repetition  backwards  of  what  happened  when  the  magnetisation 
was  being  increased ;  in  other  words,  the  movements  of  the 
molecules  are  not  reversible  without  qualification.  Given,  how- 
ever, a  sufficient  number  of  groups  composing  the  body,  if  the 
magnetising  force  be  removed  and  reapplied,  then,  unless  it  be  very 
weak,  there  are,  in  general,  some  groups  which  pass  through  a 
condition  of  instability.  Especially  will  this  be  the  case  if  the  piece 
of  iron  be  not  perfectly  homogeneous,  and  if,  therefore,  the  lines 
of  the  different  groups  or  chains  are  differently  inclined  at  different 
places.  This  exactly  corresponds  with  the  observed  facts,  that 
hysteresis  is  always  present  in  all  cyclic  changes  unless  the  values 
of  H  are  very  small,  but  that  its  effect  is  much  less  marked  for 
changes  confined  to  the  third  stage  of  the  curve. 

The  phenomenon  of  hysteresis  is  thus  amply  accounted  for. 
It  occurs  whenever  on  the  ascending  curve  a  molecule  is  deflected 
from  one  stable  position  to  another  through  a  position  of  insta- 
bility ;  since  then,  on  the  descending  curve,  the  new  position  will 
persist  until  the  change  in  the  magnetising  force  becomes  so 
marked  as  to  cause  it  to  again  pass  through  a  position  of  instability. 
Further,  whenever  a  molecule  passes  through  a  position  of  insta- 
bility, there  is  a  dissipation  of  energy  in  the  form  of  heat.  To 
quote  Professor  Ewing's  own  words  ('  Magnetic  Induction  in  Iron 
and  other  Metals,'  §  180),  *  when  the  molecule's  equilibrium  is  upset, 
it  tumbles  over  and  acquires  kinetic  energy  in  falling  towards  a  new 
position  of  equilibrium.  It  oscillates  about  that,  and  communicates 
oscillations  to  its  neighbours,  until  the  motion  is  damped  out  by 
setting  up  eddy  currents  in  the  surrounding  conducting  mass,  and 
the  energy  of  these  currents  is  in  turn  converted  into  heat' 

That  mechanical  vibration  should  lessen  the  residual  magnetic 
induction  is  easily  explicable  on  the  molecular  hypothesis,  since  it 
will  cause  changes  in  the  distances  between  the  molecular  centres. 
During  the  swinging  thus  set  up  as  the  magnets  recede  from  each 
other,  their  stability  is  reduced  so  that  they  respond  more  easily 
to  change  of  magnetising  force,  and  hysteresis  is  lessened. 

It  only  remains  to  consider  the  importance  or  otherwise  of 
hysteresis  in  the  design  of  dynamos.  If  we  consider  any  dynamo 
with  a  disc  armature,  such  as  fig.  75,  and  suppose  that  the  coils  of 
the  armature  are  wound  on  iron  cores,  it  is  evident  that,  as  each 
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core  passes  from  one  field  to  another,  the  magnetising  force  and 
induction  in  it  are  increased  and  reduced  in  the  one  direction,  then 
reversed,  and  again  increased  and  reduced  in  the  other  direc- 
tion ;  hence  it  is  taken  through  a  complete  cycle  of  induction, 
varying  from  a  positive  maximum  to  an  equally  great  negative 
maximum,  and  back  again.  Further,  midway  between  the  two 
fields  there  is  zero  magnetising  force,  and  the  molecules  of  the 
iron  are  free  to  pass  through  a  position  of  instability.  The  case 
is  therefore  exactly  analogous  to  curves  II,  and  III.  of  fig.  no. 
There  will  be  hysteresis,  and  the  determination  of  the  amount  of 
energy  lost  by  hysteresis  per  cycle,  as  obtained  from  the  curve  of 
fig.  112  for  the  maximum  induction  in  the  armature,  will  be 
strictly  applicable.  Next,  in  the  unipolar  disc  alternator  of 
fig.  80  the  magnetising  force  and  induction  in  an  iron  core  would 
be  continually  varied  through  a  cycle  of  changes  from  a  positive 
maximum  to  zero.  Again,  therefore,  there  would  be  hysteresis, 
although  the  amount  of  the  loss  by  hysteresis  would  not  be  so 
great  as  in  the  former  dynamo.  Modem  machines,  however,  with 
disc  armatures  seldom  have  iron  cores,  partly  on  account  of  the 
hysteresis  and  other  losses  that  would  be  present  in  them,  and 
consequently  the  above  cases  are  not  often  met  with.  Now  when 
we  pass  to  ring,  discoidal-ring,  and  drum  armatures,  whether  ot 
alternators  or  continuous-current  machines,  it  is  true  that,  as  the 
armature  rotates,  each  molecule  of  iron  must  be  twisted  through 
an  entire  circle  of  360**  in  each  period  ;  but  this  is  effected  by  its 
gradual  adjustment  of  itself  to  the  changing  direction  of  the  lines, 
as  it  is  carried  round  with  the  armature,  and  it  is  not  clear  how 
far  the  magnetising  force  is  ever  removed,  so  as  to  allow  it  to  fall 
back  through  a  position  of  instability.  If  the  magnetising  force 
always  at  each  point  of  its  path  was  of  considerable  strength,  and 
was  never  removed,  there  might  be  no  hysteresis.  But  this  cannot 
be  entirely  the  case,  since  when  centrally  situated  under  a  pole, 
the  inner  portion  of  the  core  is  permeated  by  few  or  no  lines  of 
induction.*     Hence  it  is  doubtful  how  far  determinations  of  the 

'  Since  the  above  was  written,  Mr.  Baily  has  found  experimentally  that 
with  a  rotating  magnetic  field  and  stationary  armature  (which  is  the  exact 
equivalent  of  an  armature  revolving  between  stationary  poles)  the  hysteresis 
diminishes  when  the  induction  is  raised  above  a  certain  critical  value :  see 
Electrician^  August  31,  1894. 
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hysteresis  loss  by  the  cyclic  process  of  fig.  no  are  strictly  ap- 
plicable to  the  case  of  ring,  discoidal-ring,  and  drum  armatures. 

There  is,  however,  invariably  some  loss  by  hysteresis  in  all 
armatures  containing  iron,  and,  so  far  as  its  amount  has  been 
satisfactorily  determined  by  direct  experiment,  it  does  not  appear 
to  difier  much  from  the  amount  calculated  by  the  use  of  such  a 
curve  as  that  of  fig.  112.  In  all  calculations,  therefore,  as  to  the 
heating  of  armatures,  or  as  to  the  efiSciency  of  dynamos,  some 
allowance  must  be  made  for  a  loss  of  energy  by  hysteresis,  and  in 
default  of  more  decisive  data,  it  will  suffice  to  determine  its  amount 
by  reference  to  the  curve  of  fig.  112.  Since  p  in  our  formula  of 
page  226  is  equal  to  the  periodicity  of  the  dynamo,  the  rate  in 
watts  at  which  heat  is  generated  in  the  core  by  hysteresis  may 
be  taken  as  kcp^  where  c  is  the  total  volume  of  iron  in  the  arma- 
ture in  cubic  centimetres.  It  will  be  found  that  even  in  the  case  of 
alternators  with  a  periodicity  of  100  this  quantity  is  but  small,  and, 
even  under  conditions  unfavourable  to  cooling,  is  incompetent  to 
raise  the  temperature  of  the  entire  iron  mass  more  than  a  few 
degrees  Fahrenheit ;  it  only  becomes  of  importance  as  increasing 
the  heat  due  to  other  and  more  serious  losses. 
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CHAPTER  XIII 

ARMATURES 

The  practical  construction  of  armatures,  and  the  methods  by 
which  the  cores  are  built  up  and  the  inductors  are  wound  on, 
must  next  claim  our  attention.  The  subject  is  too  great  to  be 
fully  treated  within  our  limits,  but  in  the  present  chapter  certain 
general  principles  will  be  discussed  by  which  in  everyday  practice 
the  mechanical  construction  of  armatures  and  commutators  is 
governed. 

Except  in  the  case  of  certain  disc  machines,  the  armature 
winding  is  now  almost  invariably  supported  on  metal  cores,  and 
these,  in  ring,  drum,  or  discoidal  armatures,  are  of  iron.  As 
mentioned  in  Chapter  VII.,  the  use  of  the  metal  supporting  core 
either  necessitates  its  rotation  together  with  the  rotating  inductors, 
or,  if  the  armature  is  stationary  and  the  field  magnet  revolves, 
implies  that  its  surface  is  swept  over  by  the  moving  field  of  lines. 
From  this  fact  there  follows  a  most  important  consequence  : 
whenever  a  metallic  mass  actively  cuts  lines  of  induction,  it 
becomes  the  seat  of  induced  E.M.F.'s,  which  will,  unless  pre- 
vented, set  up  electric  currents ;  the  direction  of  these  in  that 
part  of  their  path  where  the  E.M.F.  is  generated  will  be  at  right 
angles  to  the  direction  of  the  lines  and  to  the  direction  of  move- 
ment. If,  therefore,  the  core  whereon  the  inductors  proper  are 
wound  be  formed  of  a  solid  metal  mass,  the  latter  will  itself  act 
inductively,  and  although  the  E.M.F. 's  induced  in  it  may  be 
small,  yet,  owing  to  the  low  resistance  of  the  numerous  metallic 
paths  open  to  them,  they  will  cause  enormous  eddy-currents  to 
circulate  round  the  core  ;  the  latter  will  then  become  heated  and 
energy  will  be  wasted  equal  in  amount  to  the  product  of  the 
E.M.F.  and  the  strength  of  the  eddy-current     In  a  solid  ring  or 
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drum  armature  the  eddy-currents  will  flow  in  two  sheets  along 
the  length  of  the  iron  core,  in  opposite  directions  on  the  two 
sides.  Their  intensity  will  be  greatest  near  the  surface,  where  the 
rate  of  cutting  lines  and  the  induced  E.M.F.  is  greatest,  and 
throughout  the  entire  length  of  the  core,  and  especially  at  its 
ends,  the  currents  will  bend  radially  inwards  to  complete  their 
circuit  through  the  armature  shaft,  hub,  or  inner  portion  of  the 
core.  Analogously,  in  a  solid  discoidal-ring  armature  the  eddy- 
currents  will  circulate  round  the  core,  running  up  one  side  of 
the  flat  ring,  across  and  down  the  other  side.  In  all  cases  their 
direction  on  the  surface  of  the  core  will  be  similar  to  that  of  the 
useful  currents  in  the  inductors  proper,  since  these  latter  are 
expressly  arranged  to  obtain  the  best  inductive  effect  So  long 
as  the  metal  core  rotates,  or  is  swept  by  the  lines,  it  remains 
impossible  to  prevent  the  induction  of  E.M.F.'s  in  its  surface,  but 
it  is  possible  to  interpose  in  the  paths  which  the  eddy-currents 
would  follow  such  very  high  resistances  as  to  prevent  their 
attaining  any  appreciable  strength.  This  is  efflected  by  dividing 
the  core  up  into  small  portions,  each  of  which  is  more  or  less 
completely  separated  from  its  neighbours  by  a  thin  layer  or  covering 
of  some  insulating  material.  The  directions  in  which  the  sub- 
division is  carried  out  must  be  so  chosen  that  the  insulation 
obstructs  the  chief  paths  of  any  induced  currents.  In  the  iron- 
cored  armatures  now  under  consideration  this  can  only  be  effectually 
secured  if  the  core  be  divided  in  planes  parallel  to  the  direction 
of  the  lines  and  to  the  direction  of  motion ;  the  mass  of  metal 
must  be  broken  up  at  the  actual  seat  of  the  E.M.F.  and  trans- 
versely to  its  direction,  and  the  subdivision  should  be  especially 
perfect  at  the  periphery,  where  the  E.M.F.  is  greatest.  In  short, 
the  core  must  be  laminated,  the  direction  of  lamination  being 
suited  to  the  type  of  armature.  In  ring  or  drum  armatures  the 
planes  of  lamination  should  be  at  right  angles  to  the  axis  of 
rotation,  or  to  the  shaft,  as  indicated  in  the  sections  of  flg.  46, 
while  in  discoidal-ring  armatures  the  divisions  should  be  approxi- 
mately concentric  with  the  axis  of  rotation  (figs.  50  and  74).  In 
both  cases  the  lamination  is  at  right  angles  to  the  inductors  them- 
selves, and  the  edges  of  the  divisions  are  presented  to  the  lines  of 
the  fields.   Small  E.M.F.'s  will  still  be  induced  transversely  across 
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the  surface  of  each  division,  but  they  will  be  pievented  from 
acting  summationally  or  in  series  by  the  intervening  insulation  ;  the 
currents  that  can  be  set  up  are  thus  reduced,  and  likewise  the 
energy  that  is  absorbed.  The  thinner  the  divisions,  the  less  will 
be  the  amount  of  the  eddies,  and  the  limit  to  the  advantage  of 
further  subdivision  is  only  reached  when  questions  of  the  cost  of 
manufacture  or  of  mechanical  strength  outweigh  the  advantage  of 
a  further  slight  gain  in  efficiency. 

The  requirements  above  laid  down  for  ring  or  drum  armatures 
are  met  by  the  use  of  thin  discs  or  washers,  either  threaded  on  to 
the  arms  of  a  central  hub  or  strung  direct  on  the  shaft.  Each 
core-disc  is  well  insulated  from  its  neighbours  on  either  side; 
hence  they  make  little  or  no  contact  with  each  other  except 
through  their  connection  with  the  shaft,  and  the  passage  of 
eddy-currents  along  the  surface  or  through  the  mass  of  the  core 
from  one  disc  to  another  is  prevented.  The  same  end  is  obtained, 
although  somewhat  less  effectually,  by  using  wire,  wound  to  forma 
cylindrical  core,  the  separate  turns  making  but  slight  electrical 
contact  with  each  other.  The  requirements  of  the  discoidal-ring 
armature  are  fulfilled  practically  by  a  thin  band  or  ribbon  coiled 
on  a  supporting  ring,  adjacent  layers  being  in  either  case  lightly 
insulated  from  each  other. 

Of  the  three  magnetic  materials  discussed  in  Chapter  XII.  it 
is  at  once  evident  that  cast  iron  and  cast  steel  are  out  of  the 
question  for  armatures,  since  they  do  not  permit  of  the  core  being 
sufficiently  laminated.  Thus,  the  only  magnetic  materials  which 
are  practicable  for  armature  cores  are  soft  annealed  ^  wrought  iron 
or  very  mild  steel  (which  from  its  low  percentage  of  carbon  is 
practically  pure  iron)  in  the  form  of  thin  discs,  thin  ribbon,  or 
wire.  Charcoal-iron  is  often  specified  for  the  purpose,  but  the 
discs  or  ribbon  most  commonly  in  use  cannot  be  regarded  as 
charcoal-iron  manufactured  after  the  technical  sense  of  the  term. 

The  use  of  discs  stamped  out  of  thin  sheet-iron  is  now  almost 
universal  for  ring  and  drum  armatures,  and  in  the  best  machines 
their  thickness  does  not  exceed  '025"   or  No.   24  (sheet-iron 

*  See  Chapter  XII.  p.  221. 
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gauge).  Each  disc  is  either  coated  with  insulating  vamish  or 
paint,  or  is  effectively  separated  from  its  neighbours  by  an  inter- 
posed thin  sheet  of  paper  cut  out  to  the  required  shape ;  or  the 
oxide,  which  forms  on  the  discs  after  heating,  and  which  is  practi- 
cally a  non-conductor,  is  relied  on  to  insulate  the  discs.  In  ring 
armatures  the  discs  must  be  supported  on  a  non-magnetic  spider 


FlO.  113.— Ring  armature  of  discs. 

or  hub,  which  is  usually  of  gun-metal  Most  commonly,  key-ways 
are  stamped  on  the  inner  periphery  of  the  discs,  to  fit  three  or 
four  arms,  which  project  radially  from  the  central  sleeve  of  the 
hub :  the  latter  is  keyed  to  the  shaft,  and  at  one  end  abuts 
against  a  collar  ;  the  discs  are  then  slid  over  the  arms,  compressed 
tightly  together,  and  held  in  position  by  a  gun-metal  star,  this 
latter  being  screwed  up  by  a  nut  on  the  shaft  (fig.  113).  In  some 
cases  semicircular  notches  'are 
stamped  in  the  discs ;  through 
these,  and  also  through  the  two 
end- wheels  of  gun-metal,  run  three 
or  more  long  bolts,  the  whole 
being  firmly  tightened  up  by  means 
of  nuts  at  either  end  of  the  bolts. 

In  drum  armatures  the  discs 
are  either  supported  on  a  hub, 
which,  however,  may  be  of  cast 
iron,  or  are  threaded  directly  on 
to  the  shaft;  in  the  latter  case 
they  are  usually  held  in  position 
by  a  feather  running  along  the  length  of  the  core  (fig.  114),  but 
not  unfrequently  they  are  simply  compressed  tightly  between  two 
end-flanges,  one  or  both  of  which  are  screwed  on  the  shaft  (fig.  115). 


Fig.  1x4.-'  Keyed  core«disc  of  dnim 
armature. 
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In  all  cases  it  is  advisable  to  lock  the  tightening-up  nut  or 
plate  by  a  set  screw,  the  point  of  which  takes  into  the  shaft,  since 
otherwise  there  is  a  possibility  of  the  nut  and  discs  slacking  back 
through  mechanical  vibration. 

At  either  end  of  the  ring  or  drum  armature  there  are  usually 
placed  one  or  more  stout  iron  core-discs  (figs.  113  and  115), 
which  serve  to  support  the  thinner  discs  where  they  are  driven  up 
against  the  end-flanges  or  end-arms  of  the  hub.  In  order  to  avoid 
eddy-currents  being  set  up  in  these  end  core-discs  (by  reason  of 
lines  curving  round  from  the  poles  into  their  outer  surfaces),  the 
axial  length  of  the  core  is  frequently  made  slightly  greater  than 
the  length  of  the  pole-pieces  parallel  to  the  shaft. 

Wire  cores  are  now  used  only  for  small  ring  armatures  :  they 
are  constructed  by  winding  soft  charcoal-iron  wire  either  on  a 


Fig.  1x5.— Drum  armature  of  discs. 

gun-metal  flanged  pulley,  or  between  two  flanges  on  the  arms  of 
an  open  spider,  a  cylindrical  interior  being  in  this  case  obtained 
by  inserting,  during  the  winding,  wooden  supports,  which  are 
subsequently  withdrawn.  The  iron  wire  is  either  varnished  or 
single-cotton-covered,  or  it  is  slightly  oxidised  in  order  to  obtain 
moderate  insulation  between  contiguous  turns.  Such  armatures 
are,  however,  distinctly  inferior  to  those  composed  of.  thin  discs. 
The  interstices  which  exist  between  adjacent  turns  of  the  round 
wire  must  be  reckoned  as  lost  space,  and  the  actual  volume  of 
iron  in  a  core  of  given  cross-section  is  much  less  than  could  be 
obtained  hy  the  use  of  discs.  Further,  the  lamination  is  carried 
out  in  two  planes,  whereas  in  the  ordinary  ring  armature  it  is 
only  required  in  one  plane,  and  therefore  more  space  is  wasted  by 
the  insulation  than  is  necessary.     Lastly,  the  iron  is  magnetically 
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discontinuous  in  the  direction  which  the  lines  take  through  the 
armature,  and  in  consequence  to  reach  the  lower  layers  of  iron 
the  lines  have  to  pass  through  several  non-magnetic  gaps.  Hence 
the  full  benefit  of  the  radial  depth  of  iron  is  never  obtained,  the 
outer  layers  become  saturated  before  the  inner,  and  the  total 
reluctance  of  the  armature  is  considerably  greater  than  even  the 
actual  sectional  area  of  the  iron  would  warrant. 

To  form  discoidal-ring  armatures,  soft  iron  ribbon  or  tape 
about  '025"  thick  is  coiled  on  to  a  supporting  wheel  or  foundation 
ring.  The  ribbon  is  at  the  outset  riveted  to  the  wheel,  and  is 
then  wound  on  in  a  lathe,  being  drawn  from  between  rollers  so 
as  to  put  considerable  tension  on  it  j  a  layer  of  thin  paper  of  the 
same  width  as  the  iron  is  wound  on  simultaneously  to  insulate  the 
successive  layers.  In  order  to  give  mechanical  rigidity  to  the 
whole,  long  pins  are  in  some  cases  passed  radially  through  the 
centre  of  the  iron  ribbon  and  screwed  into  the  rim  of  the  wheel,  or 
the  latter  is  furnished  with  a  central  projecting  flange,  on  either 
side  of  which  the  ribbon  is  wound.  In  small  armatures  it  is 
preferable  to  use  gun-metal  arms  or  spokes  for  the  foundation 
wheel,  but  in  the  case  of  multipolar  armatures  of  large  internal 
diameter  the  whole  may  be  of  cast  iron,  the  spokes  being  so 
arranged  that  the  points  which  they  directly  connect  are  of  similar 
polarity.  If  the  poles  on  either  side  of  the  flat  ring  are  connected 
by  a  common  pole-piece  arching  over  the  core,  lines  of  induction 
enter  the  ring  radially  from  the  top  as  well  as  from  the  two  sides, 
and  it  is  therefore  necessary  to  laminate  the  core  in  two  planes 
— at  leasLt  near  the  outer  periphery.  This  is,  to  a  certain  extent, 
effected  by  adopting  a  narrow  width  of  iron  tape,  and  winding  it 
on  in  three  or  more  tows  of  turns  side  by  side,  while  in  other 
cases  rectangular  or  square  iron  wire,  lightly  insulated,  has  been 
used. 

All  bolts,  &c.,  used  to  hold  the  core  in  position  must  either  be 
so  placed  as  to  be  traversed  by  few  or  no  lines  of  induction,  or 
must  be  insulated  from  the  core  by  fibre  tubes  and  fibre  or  mica 
washers  in  order  to  obstruct  the  paths  that  eddy-currents  generated 
in  them  would  follow. 

Lastly,  care  must  be  taken  that  the  end-flanges,  supporting 
spiders  or  hubs,  are  not  the  seat  of  eddy-currents  :  so  far  as  pos- 
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sible  they  must  be  kept  without  the  influence  of  the  magnetic  field. 
In  drum  armatures  with  discs  of  considerable  radial  depth  very 
few  lines  pass  across  from  inner  side  to  inner  side  of  the  discs 
through  the  shaft ;  but  in  ring  armatures  worked  at  a  high  induc- 
tion, not  only  may  a  small  percentage  of  the  lines  of  the  field  cross 
the  internal  opening  of  the  discs,  but  a  further  number  of  lines 
crossing  the  ring  internally  will  be  induced  by  the  current  in  the 
armature  winding  (see  Chap.  XVII.).  Although  the  armature 
revolves,  this  internal  field  remains  stationary ;  it  is  therefore  cut 
by  the  arms  and  sleeve  of  a  central  hub,  and  the  latter  will  become 
heated  by  eddy-currents.  In  order  to  minimise  this  waste  it  is  im- 
portant that  the  hub  should  be  lightened  so  far  as  possible,  while 
still  maintaining  sufficient  mechanical  strength  (compare  fig.  113). 
Armature  shafts  are  usually  of  mild  steel,  produced  by  the 
Bessemer  or  Siemens-Martin  processes.  The  determination  of  the 
diameter  required  at  different  parts  of  their  length  is  largely  a 
matter  of  experience,  but  nevertheless  in  the  main  it  requires  to 
be  based  on  the  theoretical  rules  appropriate  to  shafts  which  are 
subjected  to  the  combined  stresses  of  torsion  and  bending.  The 
calculation  of  the  torsional  stress  due  to  the  continuous  and 
steady  transmission  of  horse-power  through  a  rotating  shaft  is  an 
easy  matter;  if  the  shaft  makes  n  revolutions  per  minute,  and  trans- 
mits IP  horses'  power,  the  twisting  moment  about  the  axis  of  the 

shaft  is  Tm=63,ooo—  inch-pounds.    For  dynamo  work  this  may  be 

translated  into  a  more  convenient  form.  If  the  output  of  a  dynamo 
be  kw  kilowatts,  the  actual  power  which  passes  into  the  shaft 
either  through  the  pulley  of  a  belt-driven  machine  or  through  the 
coupling  connecting  it  directly  to  the  crank-shaft  of  an  engine,  is 

kiM) 

KW=s — ,  where  17  is  the  coefficient  of  commercial  economy,  or 

the  ratio  between  the  useful  power  given  out  at  the  terminals,  and 
the  total  power  absorbed  in  obtaining  it^     By  substitution  of  the 

*  In  the  case  of  a  separately  excited  machine,  the  exciter  of  which  is  not 
driven  from  the  main  dynamo  shaft,  the  power  absorbed  in  the  field  should 
strictly  be  taken  into  account  in  calculating  the  commercial  efficiency,  although 
in  our  present  connection  such  loss  in  the  field  stands  outside  the  calculations 
of  the  strength  of  shaft. 
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quantity  kw,  reduced  to  horse-power  in  the  above  equation,  we 
obtain 

kvn 

T|.=85,ooo  —  inch-pounds (14) 

The  commercial  efficiency  of  dynamos  varies  considerably  with 
their  type  and  size,  but  in  the  greater  number  of  cases  it  ranges 
from  70  in  small  to  90  per  cent,  in  large  machines,  which  gives  an 
average  value  for  t?  of  about  '8. 

But  torsion  is  by  no  means  the  only  stress  to  which  the  arma- 
ture shaft  is  subjected ;  there  is  also  considerable  bending  stress, 
due  to  several  causes,  chief  among  which  is  the  weight  of  the 
armature  itself.  In  ring  or  drum  armatures  the  weight  is  more 
or  less  uniformly  distributed  over  the  length  of  the  shaft  between 
the  bearings  ;  in  discoidal  and  disc  armatures  the  weight  is  more 
nearly  concentrated  at  the  centre,  although  even  then  the  axial 
length  of  the  supporting  hub  is  usually  a  considerable  number  of 
inches.  If  w  be  the  weight  of  the  complete  armature  in  pounds,  and 
/  be  the  span  in  inches  between  the  inner  ends  of  the  bearings  on 
either  side  of  the  armature,  then  if  we  assume  the  whole  of  the 
weight  to  be  concentrated  at  the  centre  of  the  span,  the  greatest 

w/ 
bending  moment  is  b«=  —  inch-pounds.   If,  however,  we  assume 

4 

the  weight  to  be  uniformly  distributed  throughout  the  entire  length 

w/ 
of  the  shaft,  the  greatest  bending  moment  is  reduced  to  6^=  -^« 

o 

Neither  supposition  is  strictly  true,  and  the  best  approximation  is 

w/ 
probably  obtained  if  we  adopt  an  intermediate  value  for  b«=-^ 

6 

Combining  this   by  a    well-known  rule  with  the    twisting 

moment,  we  obtain  the  equivalent  twisting  moment 

t,=b^+>/(b«Ht«»); (15) 

and  equating  this  to  the  moment  of  resistance  of  a  circular  section 

to  torsion,  or  t,=o'I96  cPf^  we  obtain  d=  y.  /        ^*         where 

V    0196  x/ 
d  is  the  minimum  diameter  of  a  solid  circular  shaft  for  a  given 
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value  of/,  and /is  the  greatest  safe  working  stress  oX.  the  material 
of  the  shaft  in  pounds  per  square  inch. 

In  engine-driven  dynamos,  where  the  heavy  mass  of  the 
fly-wheel  is  supported  between  the  inner  bearing  of  the  engine  and 
outer  or  commutator  bearing  of  the  dynamo,  it  will  be  necessary 
to  take  this  further  weight  into  account  as  concentrated  at  a 
certain  distance  from  the  centre  of  the  armature.* 

In  many  classes  of  work  the  maximum  safe  working  stress  for 
steel  may  be  put  as  high  as  10,000  lbs.  per  square  inch  ;  but 
experience  has  shown  that  in  dynamo  shafts  a  large  apparent 
factor  of  safety  is  necessary  in  order  to  allow  for  a  variety  of  in- 
fluences which  in  the  above  equations  are  entirely  unrecognised. 
First  amongst  these  may  be  mentioned  the  lateral  pull  caused 
from  the  pulley  end  by  the  tension  of  the  driving  belt  or  ropes. 
The  pulley  in  belt-driven  machines  is  usually  placed  outside  of, 
but  as  close  as  possible  to,  one  of  the  two  bearings  (flg.  2) ;  and 
were  the  armature  shaft  rigidly  fixed  within  the  bearing,  the  bending 
moment  due  to  the  pull  of  the  belt  on  the  projecting  shaft  would 
be  but  small.  The  actual  case  is,  however,  somewhat  different, 
and  a  certain  amount  of  bending  stress  must  be  allowed  for  within 
the  span  of  the  shaft  firom  the  one  bearing  to  the  other,  over  and 
above  that  due  to  the  weight  of  the  armature.  There  may  further 
be  in  single-magnet  machines,  such  as  those  of  figs.  2  and  123, 
a  considerable  downward  or  upward  magnetic  pull,  the  nature  of 
which  will  be  described  in  Chapter  XIV. 

Perhaps  even  more  important  than  this  is  the  necessity  for  the 
utmost  stiflhess  in  an  armature  shaft.  In  a  rapidly  rotating  armature 
the  slightest  want  of  balance  when  running  will  tend  to  deflect  the 
centre-line  of  the  shaft  away  from  the  straight  axis  of  rotation  \ 
unbalanced  centrifugal  force  then  comes  into  play,  and  vibration, 
which  further  increases  the  evil,  is  set  up.  The  shaft  must  there- 
fore possess  ample  stiffness  to  withstand  this  tendency,  especially 
when  the  span  between  the  bearings  is  long,  and  the  armature  is  a 
large,  heavy  mass  running  at  a  high  speed.  Further  straining 
actions  are  set  up  when  the  masses  of  the  armature  and  fly-wheel 
are  accelerated  or  retarded  by  reason  of  sudden  changes  in  the 

*  See  Unwin's  Elements  of  Machine  Desi^^  vol.  i.  p.  212  (nth  edition). 
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armature  load,  such  as  occur,  e.g,^  in  a  generator  supplying  current 
to  a  tramcar  motor.  The  influence  of  all  these  causes  is  to  a  large 
extent  indeterminate,  but  it  is  owing  to  them  that  an  armature 
shaft  which  is  strong  enough  to  transmit  the  requisite  horse- 
power torsionally,  and  to  resist  the  bending  due  to  the  armature 
weight,  may  still  not  be  stiff  enough  to  secure  freedom  from  vibra- 
tion and  withstand  the  working  shocks  and  strains.  On  this 
account  a  larger  factor  of  safety  is  required  than  would  be  neces- 
sary were  the  conditions  more  exactly  known  ;  and  hence  in  the 
above  equations/ will  be  found  in  practice  to  work  out  no  higher 
than  about  3,500-4,500  lbs.  per  square  inch.  Adopting  some 
value  between  these  limits,  our  equation  may  be  used  to  determine 
the  minimum  diameter  of  the  shaft  at  the  centre  of  the  armature, 
qr  at  any  part  between  the  centre  and  the  point  of  application  of 
the  driving-power.  Further  allowance  must  be  made  at  the 
centre  if  a  key-way  is  to  be  cut  in  the  shaft  for  keying  on  the 
discs  or  their  supporting  hub  ;  and  in  general  to  give  stiffness  at 
the  centre,  the  shaft  is  usually  there  swelled  out  to  a  larger 
diameter  than  it  has  within  the  bearings.  Since  the  useful  horse- 
power is  absorbed  within  the  limits  of  the  armature,  the  diameter  of 
the  shaft  may  be  reduced  within  the  further  or  commutator  bearing  ; 
in  many  cases,  however,  for  convenience  of  manufacture,  the  same 
diameter  of  journal  is  retained  throughout,  even  though  within  the 
one  bearing  there  is  a  surplus  of  strength.  Any  alteration  in  the 
size  of  shaft  requires,  of  course,  to  be  effected  with  a  fairly  large 
radius  in  order  to  avoid  opening  of  the  fibres  of  the  steel  at  the 
edge,  where  the  change  of  diameter  is  made. 

In  order  to  ensure  durability  and  coolness  in  working  it 
is  necessary  in  all  high-speed  machinery  to  make  the  journals  of 
considerable  length  as  compared  with  their  diameter,  and  in  belt- 
driven  armatures,  running  at  from  500  to  1,500  revolutions  per 

minute,  the  ratio  most  frequently  observed  is  -  =  4,  where  d  is  the 

a 

diameter  of  the  journal.     In  engine-driven  armatures,  running  at 

about  300  revolutions   per  minute    or   less,   the   proportionate 

length  may  be  somewhat  reduced,  say,  to  three  diameters. 

In  ring  or  drum  armatures,   end-play  is  usually  limited  by 

raised    shoulders,   which    bear    against    the    two    inside    ends 
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of  the  brasses  of  the  bearings  :  a  slight  amount  of  end-play  is  ad- 
vantageous, since  it  secures  a  more  uniform  wear  of  the  commutator 
surface,  but  it  is  seldom  allowed  to  exceed  ^xh  of  an  inch.  In 
discoidal  and  disc  armatures,  end-play  must  be  definitely  avoided 
by  the  use,  at  one  or  other  end,  of  a  thrust  or  collar  bearing,  since 
otherwise  there  is  danger  of  the  armature  striking  the  poles  at  the 
sides. 

Returning  to  the  process  of  constructing  an  ordinary  ring  or 
drum  armature,  let  us  assume  that  the  discs  have  now  been  built 
up  into  a  cylindrical  core.  The  next  step  consists  in  turning  its 
surface  true  in  a  lathe.  Unless  carefully  done  with  a  sharp  and 
fine-nosed  tool,  this  operation  is  apt  to  burr  over  the  edges  of  the 
discs  :  they  are  thus  brought  into  contact  on  the  surface,  and  the 
advantage  of  lamination  is  largely  nullified,  since  eddy-currents 
can  flow  in  sheets  from  end  to  end  of  the  core.  Hence  some 
makers  consider  it  advantageous  to  take  the  discs  apart  after 
turning,  and  grind  the  burr  off  on  an  emery-wheel,  after  which  the 
armature  is  again  built  up. 

When  the  armature  core  is  completed,  and  all  rough  edges 
have  been  filed  smooth,  the  surfece  is  varnished  with  shellac  and 
carefully  insulated  all  over  with  Willesden  or  other  stout  paper 
and  tape  or  calico  to  a  thickness  of  •o4o"-'07o",  the  whole  being 
finally  varnished  and  preferably  dried  in  a  stove  in  order  to 
thoroughly  rid  it  of  all  moisture.  The  ends  and  interior  of  ring 
armatures  are  similarly  insulated,  especial  care  being  taken  to 
insulate  with  fibre  protecting-pieces  the  driving  spokes  or  arms 
against  which  the  internal  wires  are  tightly  pressed.  In  the  case 
of  alternators  and  high-potential  machines  in  general,  the  core  is 
often  covered  with  strips  of  thin  mica  held  down  by  varnished 
tape  or  with  micanite  sheeting. 

Passing  to  the  operation  of  winding,  let  us  first  consider  the 
continuous-current  ring  armature.  Each  section  of  its  winding  is 
usually  wound  on  separately,  the  ends  being  left  temporarily 
open  and  subsequently  connected  up  when  the  commutator  is  put 
on.  The  double-cotton-covered  wire  is  cut  off  into  lengths  suf- 
ficient for  an  entire  section  of,  say,  two  or  three  turns,  and  after 
being  lightly  varnished  with  shellac  is  allowed  to  dry.  The 
winding  of  a  section  consists  in  passing  one  end  of  the  wir6 
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through  the  interior  of  the  ring,  bending  it  round  and  over  the 
core  and  drawing  it  tight  from  either  end,  so  as  to  form  a  complete 
loop,  the  process  being  again  repeated  to  form  a  second  or  third 
loop.  In  moderate-potential  machines,  giving  150  volts  or  less, 
there  are  seldom  more  than  two,  and  usually  there  is  but  one, 
layer  of  wire  on  the  outside  ;  owing,  however,  to  the  smaller 
diameter  of  the  central  opening,  and  the  loss  of  space  by  reason 
of  the  radial  spokes,  it  is  necessary  to  dispose  the  winding  in  at 
least  two,  and  sometimes  three  or  more,  layers  on  the  inside 
of  the  ring.  The  later-wound  loops  of  a  section  are  then  made  to 
ride  over  the  first-wound,  so  that  any  section  can  be  unwound  and 
replaced  without  disturbing  the  rest  of  the  winding.  In  order  to 
secure  an  even  and  symmetrical  winding,  the  ends  of  the  core 
should  at  the  outset  be  divided  off  by  radial  marks  into  the 
required  number  of  compartments,  so  that  no  section  may  exceed 
its  allotted  space. 

For  large  currents  the  required  sectional  area  of  wire  is  so 
great  that  it  becomes  difficult  to  bend  it  round  the  corners  of  the 
ring-core  satisfactorily.  Moreover,  economy  dictates  the  use  of 
wire  having  a  rectangular  or  trapezoidal  section,  so  shaped  that 
the  inductors  lying  close  by  the  side  of  each  other  form  a  nearly 
complete  cylindrical  envelope  to  the  core ;  little  or  none  of  the 
valuable  space  round  the  periphery  of  the  armature  is  then  wasted 
by  the  interstices  between  the  inductors.  Hence  in  the  bipolar 
ring  armatures  which  were  so  commonly  made  in  former  days,  if 
wound  for  large  outputs  at  moderate  pressures,  the  loops  were 
not  of  round  wire  wound  on  the  core,  but  of  wire  having  a  rect- 
angular section :  each  || -shaped  loop  was  formed  separately  on  a 
mould,  and  was  then  sprung  over  the  core.  In  some  cases  each 
loop  was  divided  into  an  inductive  and  a  connecting  portion,  and 
these  two  were  of  different  section,  the  inductors  on  the  surface 
being  rectangular  and  the  connectors  trapezoidal.  The  wedge- 
shaped  section  of  the  latter  enabled  them  to  be  conveniently 
packed  into  the  interior  of  the  ring  in  a  single  layer,  but  the 
multiplicity  of  riveted  and  soldered  joints  was  a  serious  drawback 
to  the  method. 

At  the  present  time,  however,  in  continuous-current  bipolar 
machines,  ring  armatures  are  seldom  employed  for  outputs  above 

R  2 

Digitized  by  VjOOQ  IC 


244  THE  DYNAMO 

15  kilowatts — unless  their  voltage  exceeds,  say,  200  volts,  in  which 
case  the  area  of  wire  is  small  and  many  turns  per  section  are 
required.  In  fact,  the  drum  method  of  winding  is  now  much 
more  commonly  used  for  all  outputs  over  10  kilowatts  at  moderate 
pressures.  If  the  output  be  small  the  drum  is  wound  with  round 
wire  in  sections  of,  say,  three  or  four  complete  loops.  ^  Where 
the  turns  cross  the  end  of  the  armature  they  require  to  be  neatly 
and  systematically  disposed,  so  as  to  form  a  compact  'head* 
round  the  spindle,  and  in  order  to  prevent  any  slipping  they 
should  be  interlaced  with  tape. 

While  the  term  '  armature-winding '  is  very  appropriate  to  the 
covering  of  the  core  with  inductors  in  the  case  of  small  ring  and 
drum  armatures  wound  with  round  wire,  and,  indeed,  took  its 
origin  from  the  fact  that  such  were  the  earliest  types  made,  it  is 
somewhat  of  a  misnomer  as  applied  to  large  drum  armatures.  In 
these  not  only  are  the  inductors  large  and  heavy  bars  of  copper 
of  rectangular  or  trapezoidal  section,  but  the  end -connectors  are 
usually  entirely  distinct,  being  thin  but  wide  strips  of  copper, 
which  are  built  up  separately  and  apart  from  the  rest  of  the  winding. 

The  development  of  the  armatures  of  figs.  100  and  loi  will 
serve  to  illustrate  the  general  principle  of  all  such  end-connections 
for  drums.  When  the  connectors  for  either  end  of  the  armature 
are  arranged  in  place,  the  lugs  at  their  ends  stand  out  in  two 
circular  rows,  the  one  near  to  the  armature  core  and  the  other 
farther  away,  each  connector  being  so  twisted  or  so  formed  that 
within  its  length  it  passes  across  from  the  one  row  to  the  other. 
At  each  end  of  the  armature  the  ends  of  the  inductors  are  alter- 
nately long  and  short,  and,  by  means  of  the  spirally-bent  connector, 
the  long  end  of  one  inductor  is  connected  to  the  short  end  of 
another,  situated  at  the  proper  distance  apart  round  the  circum- 
ference of  the  core.  Two  advantages  are  thereby  gained,  as 
contrasted  with  wire-wound  drum  armatures.  In  these  latter  the 
loops,  as  they  pass  round  the  spindle  at  either  end  of  the  armature, 
must  needs  overlap  each  other,  and  the  difference  of  potential 
between  the  overlapping  loops,  since  it  amounts  to  the  full  E.M.F. 
of  the  machine,  is  apt  to  break  down  the  insulation,  and  cause 

^  See  Chap.  XI.  pp.  304-206. 
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short-circuits,  while,  further,  the  repair  of  any  one  loop  usually 
involves  the  unwinding  and  rewinding  of  the  whole  armature. 
But  now,  when  a  separate  system  of  connectors  is  arranged  as 
described  above,  in  the  first  place,  the  difference  of  potential 
between  any  two  adjacent  connectors  is  never  more  than  the 
E.M.F.  due  to  two  inductors  j  thus  in  a  loo-volt  dynamo  with 
IOC  inductors  it  will  not  be  more  than  about  4  volts  (see  fig.  100) ; 
hence  there  is  little  likelihood  of  the  insulation  between  the  con- 
nectors giving  way.  In  the  second  place,  if  a  bar  be  damaged,  it 
can  be  unsoldered,  taken  off,  and  replaced  without  interfering 
with  the  rest  of  the  winding,  and  therefore  repairs  can  be  much 
more  easily  effected. 

The  various  forms  which  have  been  devised  for  drum  end- 
connectors  are  too  numerous  to  permit  of  detailed  considera- 
tion,* but  certain  of  the  best-known  types  will  be  described  in 
Chap.  XIX.  In  general,  they  are  thin  strips  of  copper  about  i" 
to  2"  wide,  which  are  insulated  with  tape  or  calico ;  when  built 
up  apart  from  the  armature  or  inductors,  the  connectors  for  each 
end  form  a  compact  and  symmetrical  mass,  which  is  subsequently 
passed  over  the  shaft  into  its  place.  When  the  connections  for 
one  complete  loop  have  been  marked  so  as  to  start  the  winding, 
an  inductor  is  laid  on  the  surface  of  the  core,  and  its  ends  soldered 
to  the  lugs  of  the  appropriate  pair  of  connectors  ;  bar  after  bar  in 
continuous  succession  is  thus  connected  up  at  both  ends  by 
soldered  joints  until  the  whole  surface  of  the  armature  is  covered, 
and  the  winding  results  in  a  closed  helix  of  many  loops. 

Owing  to  the  fact  that  any  inductor  must  necessarily  possess  a 
certain  width  in  the  direction  of  rotation,  its  leading  edge  enters 
or  leaves  the  field  at  the  polar  tips  sooner  than  its  rear  edge,  and 
in  general,  when  moving  through  a  field  of  varying  density,  one 
edge  is  cutting  more  lines  of  induction  than  the  other.  In  conse- 
quence, when  an  inductor  is  either  approaching  or  receding  from 
the  approximately  uniform  field  under  the  centre  of  a  pole-piece, 
a  greater  E.M.F.  is  set  up  along  one  edge  than  along  the  other, 
and  if  the  inductor  be  solid,  the  unbalanced  difference  of  these 

*  For  an  exhaustive  analysis  of  them  the  reader  is  referred  to  a  series  of 
articles  on  *  Drum  Armatures,'  by  F.  Weymouth,  published  in  the  Electrician^ 
November  and  December  1890. 
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E.M.F.'s  will  cause  a  local  eddy-current  to  pass  up  and  down 
along  the  two  edges  and  round  at  the  ends,  as  shown  in  fig.  17. 
This  production  of  eddy-currents  in  a  solid  inductor  is  naturally 
not  very  marked  in  the  case  of  round  wires,  but  if  the  inductors 
of  any  armature,  whether  ring  or  drum,  continuous  or  alternating, 
are  solid  and  of  rectangular  section,  and  have  considerable  width, 
the  difference  in  the  E.M.F/s  of  the  two  edges  of  a  bar  will  be 
appreciable  and  may  lead  to  disastrous  results.  Thus  in  a  bipolar 
machine  on  open  external  circuit,  but  with  excited  field,  four 
times  in  each  revolution,  an  eddy-current  will  circulate  round 
each  inductor-bar  as  it  abruptly  leaves  or  enters  the  field  at  the 
polar  tips,  and  although  the  eddy-current  E.M.F.  may  be  com- 
paratively small,  yet  since  it  is  acting  round  a  circuit  of  very 
low  resistance  a  very  large  current  may  for  a  short  time  be  gene- 
rated :  not  only  is  mechanical  energy  thereby  absorbed,  but  the 
temperature  to  which  the  bar  is  raised  may  become  so  high  as  to 
damage  the  soldered  joints  at  its  ends.  If  considerable  current 
be  taken  out  of  the  armature,  no  actual  eddy-current  will  be 
produced,  but  the  distribution  of  the  current  over  the  sectional 
area  of  the  copper  is  no  longer  uniform  ;  in  consequence  of  the 
greater  current  density  at  the  one  edge  the  energy  lost  and  the 
heat  there  generated  become  excessive,  since  the  loss  in  watts 
is  proportional  to  the  square  of  the  current  The  value  of 
the  eddy-current  E.M.F.  for  a  given  width  of  bar  will  vary 
directly  with  the  peripheral  speed  and  with  the  rate  at  which  the 
density  of  field  changes  in  the  neighbourhood  of  the  polar  tips, 
while  the  strength  of  the  eddy-current  will  itself  vary  directly 
as  the  E.M.F.  With  high  speeds  and  strong  fields  abruptly 
entered,  it  will  readily  be  understood  that  the  eddy-currents 
generated  in  wide  bars  may  seriously  impair  the  efficiency  of  the 
machine,  even  if  the  whole  armature-winding  does  not  become 
overheated.  Something  may  be  done  to  neutralise  this  source  of 
loss  by  so  shaping  the  pole-pieces  that  the  edge  of  the  field  is  not 
parallel  to  the  length  of  the  inductor,  but  is  inclined  to  it :  the 
whole  of  the  leading  edge  of  the  inductor  does  not  then  become 
immersed  in  the  field  before  the  rear  edge.  Or  the  entry  into 
and  departure  from  the  field  may  be  rendered  more  gradual  if  the 
bore  of  the  pole-pieces  be  slightly  elliptical,  so  that  the  length  of 
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air-gap  is  increased  slightly  at  the  pole-tips  and  the  field  is 
gradually  shaded  off.  In  spite  of  such  devices  with  an  average 
peripheral  speed  of  no  more  than  1,500  feet  per  minute,  and  a 
fairly  strong  field,  solid  copper  bars  become  inadmissible  if  their 
width  much  exceeds  'iSo''.  A  completely  satisfactory  solution  of 
the  problem  is,  however,  obtained  if  each  bar  be  divided  into  a 
number  of  thin  laminations,  lightly  insulated  from  each  other,  and 
be  then  twisted  at  its  centre  through  an  angle  of  180°  (fig.  116) ; 
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Pig.  1x6.— Laminated  bar  twisted  at  iu  centre  to  eliminate  eddy-currents. 

although  the  laminations  are  at  either  end  joined  together,  their 
position  relatively  to  the  direction  of  rotation  is  thus  transposed, 
the  lamination  which  forms  the  leading  edge  along  one  half  of  the 
bar's  length  becoming  the  following  edge  along  the  other  half  of 
its  length.  The  E.M.F.  that  is  set  up  along  the  entire  length  of 
one  lamination  is  then  equal  to  that  of  any  other,  since  if  one 
half  of  it  is  moving  through  a  denser  field,  the  other  half  is  moving 
through  a  weaker  field.  ^ 

'  Several  methods  of  carrying  out  this  same  principle  are  illustrated  in  the 
original  patent  of  Crompton,  No.  i2,8So.     1886. 
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In  order  to  carry  out  this  equalisation  of  the  E.M.F.  still  more 
thoroughly,  many  makers  use  bars  of  stranded  copper  wire ;  the 
separate  strands  are  varnished  or  oxidised,  or  otherwise  lightly 
insulated  from  each  other,  so  that  little  or  no  contact  is  made 
along  their  length,  and  the  cable  is  then  compressed  into  a  bar  of 
rectangular  or  trapezoidal  section.  By  reason  of  the  stranding, 
each  separate  wire  continually  passes  from  the  one  edge  to  the 
other  of  the  composite  bar,  and  the  formation  of  eddy-currents  is 
largely  prevented. 

When  the  winding  of  the  armature  sections  is  completed,  the 
next  step  is  to  wind  circumferentially  round  the  armature  several 
bands  of  binding-wire  ;  by  these  the  inductors  are  held  securely 
in  place,  and  the  tendency  for  them  to  be  thrown  off  the  core  by 


Fig.  1x7.— Completed  ring  armature. 

centrifugal  force  is  counteracted.  The  materials  used  for  binding- 
wire  are  German  silver,  phosphor  bronze,  hard  brass,  or  in  some 
cases  non-magnetic  steel,  the  requirements  for  it  being  great  tensile 
strength  with  but  little  expansion  under  the  heat  of  the  soldering 
iron.  The  diameter  of  the  wire  varies  from  -020"  (No.  25  S.W.G.) 
for  small  armatures,  to  •o4o"(No.  19  S.W.G.)  in  large  armatures. 
A  band  of  tape  or  webbing  covered  with  strips  of  thin  mica  is 
fastened  round  the  armature,  and  on  this  the  wire  is  wound  under 
considerable  tension  to  form  a  belt  about  |"  wide.  Such  bands 
are  placed  at  intervals  of  about  2"  along  the  entire  length  of  the 
armature  (fig.  117),  and  finally  each  is  soldered  across  in  several 
places. 

Of  the  total  power  absorbed  by  a  dynamo  when  in  full  work, 
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fully  nine-tenths  are  expended  in  overcoming  the  drag  which  the 
inductors  experience  as  they  move  through  the  magnetic  field- 
Since  it  is  in  the  inductors  that  the  actual  conversion  of  the 
mechanical  energy  delivered  to  the  shaft  into  electrical  energy 
(whether  useful  or  not)  takes  place,  it  is  evidently  of  the  utmost 
importance  that  the  inductors  should  be  so  firmly  supported  on 
the  armature  that  they  are  positively  and  effectively  driven  through 
the  magnetic  field,  without  any  possibility  of  their  slipping  round 
the  surface  of  the  core.  The  magnetic  pull  to  which  each  inductor 
of  a  dynamo  is  subjected  can  be  calculated  by  our  fundamental 
equation  (8)  of  p.  66.  In  the  bi-  or  multi-polar  continuous- 
current  dynamo,  the  pull,  although  intermittent,  is  always  in  one 
direction,  relatively  to  the  direction  of  rotation ;  and  this  is 
also  the  case  with  alternators,  since  when  the  direction  of  field 
is  changed,  the  direction  of  the  current  in  the  inductor  likewise 
changes,  and  therefore  the  direction  of  the  pull  remains  the  same. 
The  pull  on  any  inductor  in  a  continuous-current  dynamo  may 
be  deduced  from  the  total  energy  absorbed  per  minute  divided 
by  the  space  moved  through  per  minute  and  by  the  number  of  in- 
ductors under  the  pole-pieces  (cp.  p.  73)  ;  but  in  an  alternator  it 
increases  and  decreases  roughly  as  the  current  rises  and  falls  in 
value  ;  and  the  maximum  pull  to  which  eaich  inductor  is  subjected 
in  each  semi-period  is  proportional  to  the  maximum  value  of  the 
current.  Hence  the  stresses  to  which  the  inductors  of  alternators 
are  subjected  are  greater  than  in  a  continuous-current  dynamo 
giving  the  same  output  with  the  same  linear  speed  and  same 
number  of  inductors. 

The  driving-power  is  in  the  first  instance  transmitted  from  the 
shaft  to  the  hub,  and  discs  or  band-iron  of  which  the  armature  is 
composed,  and  it  is  therefore  evident  that  the  armature- core  must 
be  satisfactorily  driven  from  the  shaft  This  is  secured  when  the 
hub  and  discs  are  keyed  on  to  the  shaft,  and  even  when  the  discs 
are  simply  strung  upon  the  spindle,  they  can  be  so  tightly 
squeezed  up  between  the  end-plates  (these  being  themselves  keyed 
on)  that  there  is  no  likelihood  of  any  slip.  The  transmission  of 
the  power  from  the  core  to  the  inductors  is,  however,  a  more 
difficult  matter.  To  a  very  large  extent  this  is  effected  by  simple 
friction  ;  by  means  of  the  binding-wires  the  inductors  are  pressed 


Digitized  by  VjOOQ  IC 


2SO  THE  DYNAMO 

down  so  tightly  on  to  the  surface  of  the  armature  that  any  slip  of 
them  relatively  to  the  core  would  be  opposed  by  a  very  large 
amount  of  friction.  Again,  in  small  armatures  wound  tightly  with 
wire,  the  grip  of  the  wires  themselves  materially  assists  in  with- 
standing the  pull  QXi  them,  especially  if  they  are  ring-wound,  since 
then  the  turns,  threaded  through  the  interior  of  the  ring,  are  held 
in  place  by  the  arms  of  the  spider. 

But  with  larger  armatures,  especially  if  drum-wound,  it 
becomes  necessary  to  reinforce  the  influence  of  friction  by  some 
more  positive  means  of  driving,  and  various  ways  have  been 
devised  for  effecting  this.  In  many  cases  comparatively  thick 
discs  (say  \'*  thick)  are  inserted  at  intervals  among  the  thinner 
discs  of  the  core,  and  on  the  periphery  of  these  are  driving  teeth 
which  project  up  through  the  winding  :  several  of  these  teeth  are 
arranged  in  parallel  line  with  insulation  on  either  side  of  the  row, 
or  if  they  are  few  and  dispersed  over  the  surface  of  the  core  they 
are  insulated  separately  with  fibre ;  in  either  case  the  inductors 
bed  against  them,  and  are  thus  positively  driven  through  the  field. 
(One  such  disc  is  shown  at  the  centre  of  the  ring  armature  of 
fig.  113.)  In  other  cases  small  drivers  of  delta  metal  or  other 
metal  of  high  electrical  resistance  are  let  into  the  surface  of  the 
core ;  or  shallow  grooves  are  milled  longitudinally  along  the  core, 
and  into  these  are  driven  hard-wood  strips  which  stand  up  level 
with  the  inductors  and  serve  as  drivers.  In  drum  armatures  the 
end-flanges  sometimes  have  a  row  of  grooves  cast  in  them  on  their 
outer  face ;  into  these,  when  insulated,  the  wire  of  the  end-connec- 
tions is  wound,  or  every  other  bar  is  cranked  to  fit  into  them, 
so  as  in  either  case  to  secure  positive  driving. 

A  perfect  system  of  driving  is  obtained  by  the  use  of  toothed 
or  grooved  armatures,  somewhat  similar  to  the  form  originally 
used  by  Pacinotti.  As  first  constructed,  all  the  core-discs  of  such 
an  armature  had  a  number  of  projecting  teeth,  and  hence  when 
put  together  the  surface  of  the  armature  was  divided  in  a  series 
of  ridges  and  deep  grooves  running  from  one  end  to  the  other. 
The  grooves  are  carefully  lined  with  paper  or  calico  and  mica, 
andjn  them  the  inductor-wires  are  wound.  Unless,  however,  the 
width  of  the  grooves  be  narrow,  the  passage  of  the  projecting 
teeth  past  the  poles  is  liable  to  set  up  eddy-currents  in  the  polar 
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face.*    A  very  large  number  of  teeth  are  therefore  required  with 
correspondingly  small  slots  between  them,  and  it  became  usual  to 
mill  slots  in  the  surface  of  the  core  after  it  had  been  built  up 
(fig.  118).     A  further  extension,  which  obviated  the  heating  of 
the  pole-pieces  by  eddy-currents,  consisted  in  drilling  a  series  of 
holes  through  a  smooth- surface 
core  close  to  the  periphery,  and 
threading  the  wires  through  the 
holes  after  they  had  been  care- 
fully lined  with  tubes  of  insulating 
material.      In  both  cases,  how- 
ever,  the  cost    of   manufacture 
becomes  considerable,  and  the 
advantage  of  the  small  air-space 
which    is    needed    merely    for 
mechanical  clearance  cannot  be 

fully  made  use  of  (except  by  p,^,  ,x8.-Toothcd  core-disc, 

special    design)    owing   to   the 

sparking  that  results.  One  advantage,  however,  still  remains,  in 
that  solid  inductors  can  be  used  on  a  toothed  armature  without 
any  liability  to  eddy-currents.  The  reason  of  this  lies  in  the 
fact  that  the  lines  snap  across  the  inductor  from  tooth  to 
tooth  with  such  rapidity  that  they  cut  the  whole  section  of 
the  inductor  practically  at  the  same  instant,*  and  the  time  during 
which  any  differential  E.M.F.  acts  is  thus  reduced  to  extremely 
small  limits.  In  some  drum  armatures  a  few  narrow  grooves 
about  iV'  ^^^P  are  milled  from  end  to  end  of  the  core ;  into 
these,  when  insulated,  are  tightly  driven  special  driving  bars 
having  a  depth  slightly  greater  than  the  rest  of  the  inductors. 

After  the  completion  of  the  armature  winding  it  remains  to 
put  the  commutator  in  position,  and  connect  up  each  ot  its 
segments  to  the  winding,  junction  being  made  with  the  end  of 
one  section  and  the  beginning  of  the  next  in  succession.  In  the 
construction    of    the    commutator    various     modifications    are 

*  Chap.  XVIII.  p.  414.     See  also  Electrician^  April  19,  1895. 

'  See  a  paper  on  'Magnetism  in  its  relation  to  Induced  E.M.F.  and 
Current,'  by  Elihu  Thomson,  reprinted  in  the  Electrical  Engineer^  June  21, 
1889. 
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possible,  but,  broadly  speaking,  two  types  may  be  distinguished. 
In  the  first  (fig.  119)  the  wedge-shaped  sUps  of  copper  and  the 
intervening  plates  of  mica  are  held  in  place  by  a  sleeve  or  bush 
with  a  coned  mushroom -shaped  head  and  a  coned  collar  (^), 
forced  tightly  up  against  the  segments  by  a  nut  («)  screwing  on 
to  the  bush.  The  latter  may  be  of  gun-metal  or  cast  iron,  the 
collar  and  nut  being  of  wrought  iron  or  gun-metal.  Complete 
insulation  between  the  segments  and  the  supporting  structure  is 
obtained  by  the  conical  rings  (//),  which  are  turned  out  of  hard 
red  vulcanised  fibre,  and  are  backed  by  thin  slips  of  mica  cut  to 


Fig.  1x9.— Commutator. 


the  required  curve  and  cemented  together.  The  nut  (»)  is  slotted, 
as  shown  at  (^),  so  as  to  permit  of  its  being  tightened  up  by  a 
horned  spanner.  During  this  process  the  segments  are  forced 
inwards  under  the  sloping  faces  at  either  end,  and  thus  bind  on 
one  another  like  the  stones  of  an  arch.  It  is  still,  however, 
possible,  if  their  taper  be  but  slight,  that  they  may  be  driven 
inwards  and  put  out  of  truth  by  an  accidental  blow.  It  is  best, 
therefore,  to  support  them  on  two  rings  of  fibre  (r  r)  threaded 
over  the  body  of  the  sleeve,  care  being  taken  that  they  do  not  bed 
down  on  to  the  rings  before  they  are  thoroughly  tightened  up 
along  their  sides.    In  order  to  prevent  the  collar  from  twisting 
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the  segments  round,  a  screw  or  pin  in  the  collar  is  in  some  cases 
made  to  engage  in  a  slot  in  the  sleeve.  Finally,  to  prevent  the 
nut  (ti)  from  slacking  back,  two  or  three  set  screws  {j)  are  put 
radially  through  the  nut  so  that  their  points  bite  into  the  sleeve. 

In  the  second  type  (fig.  120)  the  coned  ends  of  both  sleeve 
and  collar  are  let  into  recesses  in  the  segments.  At  both  ends  of 
the  commutator  a  circular  groove  is  turned,  into  which  a  turned 
ring  of  fibre  or  ebonite  is  fitted     These  rings  are  cut  into  three 

i 
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Fig.  xao.— Commutator. 

segments,  so  as  to  permit  of  slight  contraction,  and  themselves 
have  a  coned  surface.  As  the  metal  cones  are  driven  home  by 
screwing  up  the  nut,  they  slide  up  the  fibre  and  draw  both  fibre 
and  segments  inwards  radially,  until  the  segments  jam  against 
each  other.  Between  the  inner  periphery  of  the  copper  and  the 
sleeve  is  a  clear  air-space  :  should  any  segments  receive  a  blow, 
they  are  prevented  from  being  driven  in  radially  by  the  support  of 
the  circular  rings.  In  this  type  of  commutator,  sleeve,  collar,  and 
nut  are  usually  of  gun -metal 
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In  either  form  of  commutator,  in  order  to  prevent  the  sleeve 
twisting  round  the  shaft  it  is  secured  either  by  a  small  sunk  key 
under  its  head,  as  in  lig.  119,  or  by  a  pin  (/)  driven  into  the  shaft 
which  engages  in  a  slot  in  the  sleeve,  as  in  fig.  120. 

It  will  be  seen  that  for  a  given  length  of  brush  working  surface 
commutators  of  the  first  type  are  slightly  longer  than  those  of  the 
second  type ;  on  the  other  hand,  the  latter  cannot  be  worn  down 
below  the  level  of  the  fibre  rings,  and  therefore  for  a  given 
diameter  their  radial  depth  of  wear  is  less  than  in  the  first  type. 

The  connections  from  the  individual  segments  to  the  sections 
of  the  armature  winding  are  most  commonly  made  by  thin  strips 
of  copper.  A  saw-cut  is  made  in  each  segment,  as  shown  at  m^ 
and  into  this  one  end  of  the  strip  is  soldered  ;  at  the  other,  it  is 
carried  up  to  the  level  of  the  ends  of  the  sections,  and  there 
embraces  and  is  soldered  to  the  armature  wire,  as  in  fig.  120.  In 
some  cases,  cast  segments  of  fine  copper  or  gun  metal  are  used, 
and  a  projecting  lug  is  directly  cast  on  each  segment,  as  in  fig.  119; 
the  wires  are  then  soldered  into  a  groove  at  the  top  of  each  lug. 
In  such  cases  the  mica  is  extended  up  to  the  full  height  of  the  lug  ; 
and  an  additional  advantage  claimed  for  the  construction  is  that 
copper  dust  worn  off  the  commutator  by  the  brushes  cannot  be 
blown  through  the  solid  wall  formed  by  the  close-fitting  lugs. 
On  the  other  hand,  a  certain  amount  of  ventilating  effect  is  lost, 
which  on  the  first  method  is  secured  by  the  moving  blades  of 
copper. 

If  equi-potential  segments  of  the  commutator  are  to  be  cross- 
connected,  as  explained  in  Chapter  XI.,  the  most  convenient 
method  is  to  string  on  the  shaft,  between  the  armature  and  the 
commutator,  a  number  of  brass  or  copper  connecting  washers, 
each  provided  with  grooved  lugs,  into  which  the  connecting  wires 
which  pass  from  the  armature  to  the  segments  are  soldered.  The 
washers  are  all  insulated  from  the  shaft  by  a  wooden  sleeve,  and 
each  is  also  insulated  from  its  neighbours  on  either  side.  Fig.  121 
shows  two  such  washers,  each  with  two  lugs  for  connecting 
together  opposite  segments  in  a  4-pole  field. 

For  the  insulation  between  the  separate  segments  of  the  com- 
mutator mica  is  now  almost  universally  used  in  plates  of  about  ^th 
of  an  inch  thick.  The  difference  of  potential  between  neighbouring 
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segments  may  be  small,  inasmuch  as  it  is  only  the  potential 
generated  within  the  limits  of  one  section  of  the  winding.  When, 
however,  the  segments  pass  under  the  brushes,  sparking  is  liable 
to  occur,  and  a  small  arc  is  formed  which  bridges  the  insulation. 
Under  this  action  almost  every  insulating  substance,  except  mica, 
is  apt  to  char  and  become  conductive,  and  even  with  mica  insula- 
tion, if  the  thickness  be  less  that  ^^^nd  of  an  inch,  small  particles 
of  copper  may  bridge  over  two  adjoining  segments.  Air  insulation 
is  impracticable  unless  the  insulating  spaces  be  large,  as  in  the 
open-coil  machines  of  Chapter  X.,  since  otherwise  they  quickly 
become  choked  with  copper  dust  In  closed-coil  machines  the 
segments  should  be  as  numerous  as  possible  within  reasonable 
limits,  andp  roughly  speaking,  the  volts  per  commutator  segment 


Fig.  Z91.— Cross-ooonection  of  conumitator  segments. 

should  not  much  exceed  15  to  20,  if  the  machine  is  to  be  durable. 
The  delicate  nature  of  the  commutator  thus  renders  it  practically 
impossible  to  build  closed-coil  machines  to  give  more  than  2,500, 
or  at  the  outside  3,000  volts. 

Owing  to  the  absence  of  the  commutator  and  the  smaller 
number  of  coils,  the  construction  of  a  ring  or  drum  armature  for 
an  alternator  is  somewhat  simpler  than  that  of  the  analogous 
continuous-current  machine.  In  winding  the  coils  of  a  ring,  since 
the  turns  are  numerous,  the  length  of  wire  in  a  coil  is  considerable, 
and  hence  it  is  usual  to  wind  it  on  to  two  shuttles ;  the  coil  is 
then  begun  in  the  middle  (p.  139),  and  one-half  is  wound  from 
each  shuttle,  which  is  passed  backwards  and  forwards  through  the 
interior  of  the  ring.  The  coils  of  a  drum  armature  are  usually  of 
rectangular  wire  wound  on  edge  round  a  separate  former  ;  when 
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completed,  the  central  former  is  removed,  and  the  coil  is  laid  flat- 
wise on  the  slightly  curved  surface  of  the  armature  and  fastened 
securely  in  place. 

Both  in  alternators  and  continuous-current  machines  precau- 
tions must  be  taken  to  prevent  the  oil  from  the  bearings  creeping 
along  the  shaft  on  to  the  commutator  or  collecting  rings  and 
destroying  the  insulation  of  the  armature  circuit.  At  either  end 
of  the  shaft  a  ring  is  usually  fixed,  from  the  thin  edge  of  which 
the  oil  is  thrown  off  by  centrifugal  force. 

The  calculation  of  the  electrical  resistance  of  an  armature 
from  brush  to  brush  is  made  as  follows  :  From  the  dimensions  of 
the  core,  the  length  of  one  inductor  and  of  one  connector  by 
which  it  is  joined  to  the  next  inductor  in  series  can  be  estimated. 
Let  /  be  this  length  in  some  unit,  and  let  <i)=the  resistance  of 
unit  length  of  copper  wire  of  the  given  sectional  area ;  then  the 
entire  length  of  wire  with  which  the  armature  is  wound  is  t  x  /, 
where  t  is  the  total  number  of  inductors,  and  its  resistance  if 
extended  out  in  series  is  tx/x<d.  If  the  armature  be  divided 
into  two  or  more  parallel  circuits,  let  q  be  the  number  of  parallels ; 

then  Ra=  ^  ^  -^  ^.    Thus  in  the  bipolar  continuous-current  ma- 

r 

chine  the  resistance  of  the  armature  is  one- fourth  of  the  resistance 
of  the  total  length  of  wire  if  in  series  ;  and,  in  general,  in  the 
multipolar  continuous-current  machine,  if  the  armature  be  parallel 

wound,  ^=p,  the  number  of  poles,  and  R^=Iii-ii??.     While  in 

a  ring-wound  armature  /  is  the  length  of  one  complete  loop,  in 
drum  machines  it  is  the  length  of  a  half-loop.  If  the  sectional 
area  of  inductor  and  connector  be  different,  as  is  often  the  case 
in  drums,  it  is  simplest  in  calculating  /  to  substitute  for  the  actual 
length  of  the  connector  the  equivalent  length  which  would  give 
its  actual  resistance  supposing  it  to  have  the  same  area  as  the 

inductor  itself :  thus  if  the  ratio  area  of  connector  ^  ^  .^     ^^^  ^^ 

area  of  mductor 

and  /«  be  the  actual  lengths  of  inductor  and  connector  respectively, 

their  combined  resistance  is  (/,+—*-)  xo>,  wheie  o)  is  the  resist- 

\       1-25/ 

ance  per  unit  length  of  the  inductor. 
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A  high  peripheral  speed  is  in  many  ways  desirable,  as  reducing 
the  size  and  weight  of  a  machine  for  a  given  output ;  but  it  must 
be  limited  by  considerations  of  mechanical  strength  and  durability, 
and  therefore  its  permissible  value  depends  largely  on  the  method 
on  which  the  armature  is  built  up.  But  apart  from  the  question 
of  the  mechanical  strength  of  the  rotating  portion,  its  perfect 
balancing  is  of  almost  equal  importance  :  with  high  speeds,  even 
a  comparatively  light  armature,  unless  accurately  balanced,  will 
set  up  such  excessive  vibration  throughout  the  whole  machine 
as  will  in  the  end  considerably  shorten  its  life.  High-speed 
armatures  are  usually  balanced  on  knife  edges  before  leaving  the 
workshop  ;  but  even  this  only  secures  a  statical  balance  when  at 
rest,  and  does  not  necessarily  imply  perfect  balance  under  rapid 
rotation.* 

With  the  ordinary  ring  or  drum  armature  driven  by  belt,  a 
peripheral  speed  of  about  2,500  feet  per  minute  is  commonly 
found,  and  a  well-constructed  armature  of  this  type  should  certainly 
allow  of  a  speed  of  at  least  3,000  feet.  The  large  drum  armatures 
of  the  Westinghouse  alternator,  two  feet  in  diameter,  are  run  at  a 
normal  speed  of  1,030  revolutions  per  minute,  or  a  peripheral 
speed  of  nearly  6,500  feet  per  minute.  Discoidal  rings  of  coiled 
band-iron  may  be  constructed  to  permit  of  high  peripheral  speeds, 
and  as  much  as  8,500  feet  per  minute  is  met  with  in  the  Kapp 
alternator  of  this  type.  In  alternators  of  the  disc  type  with 
separate  bobbins  supported  radially  on  a  ring,  as  in  the  Siemens 
and  Ferranti  machines,  a  peripheral  speed  of  about  5,000  feet  per 
minute  is  found. 

The  relative  proportion  of  the  length  l  to  the  diameter  d  ot 
armature  cores  depends  on  the  type  of  machine,  and  in  each 
type  considerable  variations  are  permissible  without  transgressing 
the  limits  fixed  by  mechanical  or  economical  considerations.  In 
bipolar  rings  a  general  proportion  is  l=d,  or  l=i"25  d  ;  but  in 
the  case  of  double-horseshoe  fields,  where  a  large  diameter  of 
ring  is  frequent,  the  length  is  often  not  more  than  half  the 
diameter.  The  diameter  of  the  internal  hole  in  the  core-discs  is 
usually  so  chosen  that  after  allowing  for  the  internal  insulation, 
and  deducting  the  width  of  the  supporting  arms,  the  wires  which 
'  Hering's  Principles  of  Dynamo-electric  MachineSy  pp.  63,  64. 


Digitized  by  VjOOQ  IC 


258  THE  DYNAMO 

form  a  single  layer  on  the  outside  are  conveniently  disposed  in 
two  layers  inside.  This  results  in  a  radial  depth  of  core,  ^='190 
approximately,  the  proportion  being  somewhat  larger  for  large 
ring  armatures. 

In  bipolar  drums  the  length  is  usually  somewhat  more  than 

in  a  ring  of  the  same  diameter,  and  the  ratio  rises  to  -=175,  or 

even  higher.  This,  however,  in  armatures  of  large  diameter  leads 
to  an  inconveniently  long  span  of  shaft  between  the  bearings,  and 
therefore  l  is  reduced  to  1*25  or  1-5  d.  The  radial  depth  of  core 
is  hmited  only  by  the  diameter  of  the  shaft,  unless  internal  spaces 
be  desired  for  purposes  of  ventilation. 

Discoidal  rings  are  usually  multipolar  and  of  large  diameter  ; 
in  a  4-pole  machine  the  core  may  have  an  almost  square  section, 
but  with  an  increased  number  of  poles,  as  in  an  alternator,  the 
radial  depth  of  core  is  usually  considerably  greater  than  its  axial 
length. 

The  iron  of  which  the  core  is  composed  being  soft  and  highly 
permeable,  a  high  induction  is  permissible  in  the  armature  without 
impairing  the  effici  ency  or  economy  of  excitation.  This  is  especially 
the  case  with  ring  armatures,  since  in  them  a  high  induction  implies 
a  small  section  of  core  for  a  given  total  number  of  lines,  and  a 
correspondingly  short  length  of  wire  in  each  turn  encircling  it.  In 
rings,  therefore,  the  induction  in  the  armature  b^  is  seldom  less 
than  16,000,  and  may  be  taken  as  high  as  from  17,000  to  20,000 
C.G.S.  lines  per  sq.  cm.  of  actual  iron,  allowance  being  made  in 
estimating  the  net  area  of  iron  for  the  space  occupied  by  the 
insulation  between  the  laminations.  If  the  induction  be  carried 
further,  leakage  occurs  across  the  internal  opening  of  the  ring, 
and  the  loss  by  hysteresis  becomes  more  important.  In  bipolar 
drums,  owing  to  the  greater  radial  depth  of  the  core,  the  induc- 
tion is  seldom  carried  above  Ba=  17,000,  and  if  the  discs  be 
carried  right  down  to  the  shaft,  the  induction  may  be  as  low  as  b^ 
=  10,000.  In  iron-cored  alternators  a  low  induction  is  usual,  and 
Ba= 9,000  is  seldom  exceeded.  Not  only  is  the  hysteresis  loss 
greater,  owing  to  the  number  of  poles,  but  if  the  induction  be 
high,  the  humming  noise  which  is  produced  in  the  iron  becomes 
disagreeably  loud. 
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FIELD-MAGNETS 

That  the  number  of  ampbre-turns  required  per  unit  length  of  iron 
In  order  to  produce  a  certain  induction  therein  increases  very 
rapidly  as  the  induction  is  itself  increased,  is  sufficiently  shown  by 
the  magnetisation-curves  of  fig.  in.  Thus  in  the  case  of  wrought 
iron,  while  an  induction  b=  16,000  may  be  obtained  with  50 
ampbre- turns  for  each  centimetre  length  of  the  circuit  in  the  iron, 
it  requires  nearly  treble  that  number  of  ampfere-turns  per  centi- 
metre length  to  obtain  the  increased  induction  of  18,000.  The  iron 
magnet  of  a  dynamo  necessarily  has  some  length,  and  the  number 
of  ampere-turns  required  to  propel  the  lines  of  induction  through 
that  length  forms  a  considerable  item  in  the  total  number  required 
£ov  the  whole  magnetic  circuit.  But  the  excitation  of  the  field  by 
magnetising  coils  implies,  not  only  a  certain  first  cost  for  the 
copper  wire  used  therein,  but  also  a  continuous  outlay  during  the 
working  of  the  machine ;  for  electrical  energy  is  absorbed  by  the 
passage  of  the  amperes  through  the  turns,  so  long  as  the  machine 
is  at  work.  Evidently,  therefore,  there  must  be  some  approximate 
limits  within  which  it  is  economical  to  keep  the  value  of  the 
induction  in  the  iron.  If  the  induction  has  less  than  the  lower 
of  the  two  limiting  values,  the  iron  magnet  becomes  too  heavy 
and  expensive;  in  a  self-exciting  machine  there  is  the  further 
disadvantage  that  the  magnetism  may  be  unstable  (as  will  be  more 
particularly  described  in  Chapter  XVI.),  and  the  machine  may 
become  difficult  to  excite  at  all.  On  the  other  hand,  if  the  induc- 
tion in  the  magnet  be  pushed  up  to  a  very  high  figure,  the  ampere- 
turns  required  to  produce  it  will  bear  an  excessive  proportion  to 
the  whole  number,  and  will  involve  too  large  an  expenditure  either 
in  the  first  cost  of  the  copper  or  of  watt-hours  during  the  working 

sa 
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of  the  machine  \  the  result  being  that  for  the  same  total  number 
of  lines  to  be  carried  it  would  be  more  economical  to  increase  the 
area  of  the  iron  so  as  to  lessen  the  induction,  and  consequently 
the  amp^re-tums  required  to  produce  it  For  wrought-iron  magnets, 
the  limits  within  which  it  is  advisable  to  keep  the  induction  may 
be  set  at  b»=  12,000,  and  Ba,=:  16,500,  a  good  intermediate  value 
being  6,^=15,000;  while  for  cast  iron  the  limits  are  5,500  and 
9,000,  an  average  value  being  8,^=7,000.  Since,  when  designing 
a  dynamo,  the  number  of  lines,  z^  to  be  carried  by  the  iron  of 
the  magnet  is  approximately  known,  we  are  enabled  from  the 
above  considerations  to  determine  approximately  the  area  which 
the  field-magnet  must  present  for  the  flow  of  lines. 

From  the  above  values  for  the  induction  in  cast  iron  and 
wrought  iron  respectively,  it  follows  that  it  is  not  found  advisable 
to  magnetise  cast  iron  more  than  about  half  as  strongly  as  wrought 
iron ;  and  consequently  the  relative  weights  of  cast-iron  and 
wrought-iron  magnets  to  carry  the  same  number  of  lines  must  be 
roughly  as  2  to  i.  Where  considerations  of  weight  and  bulk 
are  paramount,  it  is  therefore  essential  to  adopt  wrought-iron 
forgings  out  of  which  to  build  up  the  magnet :  these  in  their 
rough  state  as  they  come  from  the  steam-hammer  may  be  cheaper 
than  castings  of  good  soft  iron,  but  when  machined  to  the  required 
dimensions  their  cost  is  so  far  increased  that  they  become  more 
expensive  per  hundredweight  than  cast  iron  ;  against  this  increased 
price,  however,  must  be  set  the  fact  that  a  lesser  total  weight  is 
required,  and  the  balance,  therefore,  remains  in  favour  of  annealed 
wrought-iron  magnets.  On  the  other  hand,  castings  of  complex 
shape  can  be  produced  easily  and  cheaply,  and  of  such  accuracy  of 
dimension  that  they  require  little  or  no  further  machining.  Again, 
even  if  the  form  of  magnet  be  simple,  it  is  frequently  desired  to  adapt 
the  supporting  framework  or  bedplate  of  the  dynamo,  so  as  to  form 
a  portion  or  the  whole  of  the  magnetic  circuit,  and  such  frame- 
work is  most  conveniently  made  in  one  single  casting.  Hence, 
for  small  belt-driven  machines  (up  to  an  output  of  about  5  kilo- 
watts) in  which  the  cost  of  machining  bears  the  largest  ratio  to 
the  total  cost  of  the  machine,  it  is  very  usual  to  make  the  magnets 
of  cast  iron,  and  to  cast  them  wholly  or  partially  in  one  with  the 
bedplate. 
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A  cast-iron  magnet,  therefore,  may  be  simpler  and  cheaper  to 
manufacture,  but  must  necessarily  be  heavier  and  bulkier  than 
one  of  wrought  iron ;  furthermore,  it  is  more  expensive  in  copper, 
or  exciting  energy,  or  both.  It  will  be  seen  from  fig.  in  that 
inductions  of  15,000  and  7,000  in  wrought  and  cast  iron  re- 
spectively are  produced  by  nearly  the  same  number  of  ampbre- 
tums  per  unit  length ;  hence,  if  the  exciting  coils  on  two 
equivalent  round  magnet-cores  have  the  same  length,  and  are 
composed  of  the  same  number  of  turns  of  the  same  wire,  the 
length  of  each  turn  encircling  the  cast-iron  magnet  as  compared 
with  that  encircling  the  wrought-iron  magnet  is  as  y  2  to  i,  that 
is,  as  1*41  to  I  :  the  weight  of  copper  used  will  therefore  be  40 
per  cent  more  on  the  cast-iron  than  on  the  wrought-iron  magnet, 
and,  further,  the  energy  absorbed  in  the  excitation  will  be  cor- 
respondingly increased.  If  the  latter  is  to  be  kept  the  same  in 
the  two  cases,  a  further  increase  of  the  copper  wire  on  the  cast- 
iron  magnet  is  necessary ;  while  if  the  weight  of  copper  is  to 
remain  the  same  as  on  the  wrought-iron  magnet,  the  rate  of  loss 
of  energy  in  the  coils  must  be  increased,  and  to  meet  this,  as  will 
be  seen  later,  the  length  of  the  exciting  coils,  and  consequently  the 
length  of  the  cast-iron  magnetic  circuit,  must  increased.  Of 
recent  years  mild  steel  castings  have  come  into  greater  use ; 
uniformity  in  their  chemical  composition  and  freedom  from 
blow-holes  can  now  be  commercially  assured,  and  when  of  good 
magnetic  quality,  they  may  even  be  superior  in  permeability  to 
wrought  iron,  especially  at  high  inductions.  As  they  lend  them- 
selves to  designs  of  complex  shape  with  curved  surfaces,  they  thus 
combine  many  of  the  advantages  of  both  wrought  and  cast  iron. 
They  are  commonly  employed  for  large  multipolar  dynamos  ;  by 
casting  the  magnetic  system  in  two  or  more  large  pieces,  the  neces- 
sity of  joining  together  a  number  of  wrought-iron  forgings  is  avoided. 

Lastly,  it  is  very  usual  to  find  a  composite  magnet,  built  up 
partly  of  cast  iron  or  cast  steel  and  partly  of  wrought  iron,  the 
latter  forming  the  *  cores'  on  which  the  magnetising  coils  are 
wound.  The  most  common  instance  of  this  is  to  be  found  in 
the  2-pole  dynamo  of  fig.  2,  where  a  part  of  the  bedplate  forms 
the  yoke,  y^  to  which  the  magnet  limbs  of  wrought  iron  are  bolted. 
Again,  the  upper  and  lower  pole- pieces  of  the  *  Manchester'  field 
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of  fig.  125  are  usually  castings,  the  magnet  cores  of  wrought  iron 
being  let  into  them  at  either  side.     In  both  cases  the  portion  of 
the  magnetic  circuits  on  which  the  exciting  coils  are  placed  con 
sists  of  wrought  iron. 

Since  the  permeability  of  any  casting  is  much  reduced  if  it  be 
hard,  it  is  important  in  the  design  of  the  shape  of  any  casting  to 
avoid  introducing  into  the  magnetic  circuit  any  thin  flange  or 
narrow,  outstanding  edge  :  any  such  piece  of  small  area  is  likely 
to  chill  when  it  is  being  cast,  and  so  to  become  mechanically 
hard.  Hence  all  corners  and  projections  should  be  well  rounded, 
or,  if  need  be,  cast  massive,  and  subsequently  machined  to  the 
required  dimensions. 

Thus,  in  conclusion,  it  may  be  said  that  wrought  iron  as  forg- 
ings  of  best  *  hammered  scrap,'  or  mild  steel  castings,  both  being 
practically  pure  iron,  are  the  most  common  materials  in  use  for 
dynamo  magnets. 

The  same  economical  considerations  which  determine  approxi- 
mately the  sectional  area  of  iron  required  to  carry  a  given  number 
of  lines  of  induction,  viz.  the  first  cost  of  the  copper  coils  and 
the  allowable  expenditure  of  energy  in  magnetising  them,  will  also 
bear  upon  the  geometrical  shape  or  figure  by  which  the  required 
area  is  obtained —only,  however,  in  that  portion  of  the  magnetic 
circuit  whereon  the  magnetising  coils  are  actually  wound.  Beyond 
the  limits  of  the  coils  it  is  immaterial  what  shape  the  section  of 
the  iron  takes.  Since  for  a  given  area  the  circle  has  the  least 
periphery,  it  follows  that  the  theoretically  best  section  which  can  be 
given  to  the  magnet  cores  where  the  field- winding  is  placed  is  the 
circle,  since  then  the  length  and  resistance  of  the  wire  for  a  given 
number  of  turns  embracing  a  given  sectional  area  is  a  minimum. 

For  this  reason,  in  the  'Manchester'  dynamo  (fig.  125),  or 
in  the  multipolar  alternator  of  fig.  74,  the  magnet  cores,  tn^  »»,  are 
usually  of  circular  section.  If,  however,  the  magnet  cores  are 
of  wrought  iron  and  of  circular  section,  it  is  often  necessary  to 
joint  them  into  cast-iron  pole-pieces  or  yokes,  as  in  the  above 
cases,  or  possibly  also  into  the  cast-iron  bedplate  or  framework 
of  the  machine,  which  itself  forms  part  of  the  magnetic  circuit 
Especially  is  it  necessary  to  present  a  proper  area  of  polar  surface 
where  the  lines  pass  through  the  air-gap  in  order  to  minimise  the 
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reluctance  of  the  interferric  space  between  the  iron  of  the  pole 
and  the  iron  of  the  armature  core  ;  and  the  cast-iron  pole-pieces 
employed  for  this  purpose,  if  not  of  large  sectional  area,  may 
themselves  perhaps  increase  the  total  number  of  ampfere-tums 
required  owing  to  their  being  magnetically  inferior  to  wrought 
iron.  It  may  therefore  be  more  economical  to  give  the  magnet 
forgings  a  rectangular  shape,  which  may  be  continued  up  to  the 
armature,  and  so  admit  of  being  bored  out  to  embrace  the  core, 
as  in  the  case  of  the  single  horseshoe  magnets  of  figs.  2  and  123. 
Or,  again,  a  rectangular' or  trapezoidal  section  of  magnet  core  may 
be  arranged  to  give  the  required  polar  area  at  the  air-gap,  as  in 
the  alternators  of  figs.  72  and  75. 

Next  to  the  circle,  the  square  must  be  ranked  as  the  most 
economical  form  of  section,  its  periphery  being  1-13  times  that  of 
the  circle  containing  the  same  area.  Finally,  the  larger  the  ratio 
between  the  length  and  breadth  of  any  rectangular  figure,  the 
more  uneconomical  becomes  the  shape  as  regards  length  of  wire 
in  each  turn  encircling  it.  If  the  two  sides  of  the  rectangle  be  as 
2  to  r,  the  periphery  becomes  1*2  times  that  of  the  equivalent 
circle,  while  for  a  ratio  of  3  to  i  it  increases  to  1*3.  If  wound, 
therefore,  with  the  same  number  of  turns  and  the  same  size  of 
wire,  the  weight  of  copper  employed  will  be  increased  respectively 
20  and  30  per  cent,  above  that  of  the  circular  magnet,  and  the 
resistance  being  similarly  increased,  the  rate  of  expenditure  of 
electrical  energy  to  produce  the  same  exciting  power  will  likewise 
be  increased  by  20  and  30  per  cent.  If,  therefore,  the  same 
efficiency  is  to  be  retained  in  all  cases,  the  area  of  the  increased 
length  of  copper  wire  must  also  be  increased,  making  in  all,  for  a 
ratio  of  3  to  i,  an  increase  in  the  amount  of  copper  of  nearly  70 
per  cent.  A  larger  ratio,  therefore,  is  very  uneconomical,  and  is 
seldom  required  in  ordinary  designs. 

Having  thus  considered  the  sectional  area  and.  shape  of  the 
magnet  cores,  the  question  of  the  length  of  the  magnet  remains  to 
be  dealt  with;  Since  the  field -magnets  of  commercial  dynamos 
are  now  invariably  electro-magnets,  this  length  must  necessarily  be 
such  as  to  admit  of  the  requisite  magnetising  coils.  It  has  been 
said  that  the  maintenance  of  the  excited  field  during  the  working 
of  the  dynamo  requires  the  continuous  expenditure  of  energy  in 
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the  magnetising  coils  at  a  certain  rate  in  watts,  such  expenditure 
being  simply  that  due  to  the  passage  of  the  magnetising  current 
through  the  electrical  resistance  of  the  wire,  and  appearing  as  heat 
in  the  coils.  This  heat  must  be  carried  off  by  radiation,  convection, 
and  conduction  in  order  to  avoid  such  a  rise  of  temperature  in 
the  coils  as  will  endanger  the  insulation  of  the  field-winding  ;  and 
this  is  secured  by  so  disposing  the  coils  that  they  present  a  con- 
siderable cooling  surface  to  the  air.  As  soon  as  the  dynamo  is 
set  to  work,  the  temperature  of  the  coils  begins  to  rise  above  that 
of  the  surrounding  air  :  this  gradual  rise  continues  until,  finally,  the 
rate  at  which  the  heat  is  generated  in  the  coils  is  balanced  by  the 
rate  at  which  it  is  dissipated  under  the  combined  action  of  radiation, 
convection,  and  conduction.  After  reaching  this  limit  the  temper- 
ature of  the  coils  remains  stationary  so  long  as  the  conditions  are 
unchanged.  The  effect  of  radiation  &c.  being  dependent  on  the 
entire  cooling  surface  of  the  coils,  it  is  evident  that  the  rise  of  the 
temperature  of  the  coils  above  that  of  the  surrounding  air  may  be 
kept  within  any  required  limit  by  allowing  the  due  proportion  of 
cooling  surface  for  each  watt  expended  in  the  coils.  The  effective 
cooling  surface  of  a  given  coil  wound  round  an  iron  magnet  will 
depend  on  a  large  number  of  conditions,  difficult  to  calculate,  since 
the  mass  of  iron  itself  helps  to  dissipate  the  heat  by  conduction,  and, 
again,  the  depth  of  a  winding  in  many  layers  will  largely  affect  the 
temperature  of  the  turns  forming  the  middle  layer.  Roughly 
speaking,  however,  the  comparative  cooling  power  of  a  coil  may 
be  taken  as  proportional  to  its  external  surface,  reckoned  as  the 
product  of  its  external  periphery  multiplied  by  its  length,  the 
cooling  influence  of  the  end-flanges  or  depth  of  winding  in  the 
coil  being  neglected.  Thus,  if  the  over-all  dimensions  of  one  such 
coil,  as  is  shown  in  fig.  2,  are  a  width  of  14",  a  depth  of  8^",  and 
a  vertical  height  or  length  of  winding  of  9^",  the  external  surface, 
45"X9i"=428  square  inches,  will  be  a  measure  of  its  cooling 
power,  and  this  may  in  our  present  connection  be  reckoned  as  its 
cooling  surface.  Having  thus  decided  on  the  method  upon  which 
the  cooling  surface  is  to  be  estimated,  experience  will  guide  us  to 
a  certain  ratio  which  the  cooling  surface  must  bear  to  the  watts  : 
the  rise  of  temperature  of  the  coil  is  not  to  exceed  a  certain 
assigned  limits  and  we  can  thence  determme  how  far  any  coil 
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complies  with  our  requirements  :  of  the  values  for  this  ratio  more 
will  be  said  in  Chapter  XVIII.  If  the  rate  in  watts  at  which  energy 
may  be  lost  in  the  field-winding  is  approximately  determined  by 
the  efficiency  required  in  the  machine,  the  length  of  the  magnet 
coils  must  be  such  as  to  provide  a  suitable  amount  of  cooling  sur- 
face per  watt  dissipated  in  them.  More  generally,  however,  the 
settlement  of  the  number  of  watts  which  may  be  regarded  as  an 
allowable  rate  of  dissipation  in  the  field-coils  will  be  a  matter  of 
compromise  between  the  efficiency  of  the  machine  and  the  first 
cost  of  the  copper  wire  ;  since  the  smaller  the  number  of  watts 
expended  in  the  field-coils,  the  greater  the  weight  of  copper  wire 
required  Further,  the  total  number  of  amp^re-tums  required  for 
the  field  excitation  is  not  exactly  known  until  the  length  of  the 
magnetic  circuit  has  been  determined ;  experience,  therefore, 
alone  can  furnish  guidance  for  a  first  approximation  to  the  required 
length  of  coil,  and  a  method  of  trial  and  error  must  be  resorted 
to  in  order  to  exactly  determine  the  amp^re-tums  on  the  field, 
the  loss  of  energy  in  magnetising  the  field,  the  dimensions  of  the 
coils,  and  their  weight  of  copper.  When,  however,  the  designer 
has  assigned  an  adequate  length  to  those  portions  of  the  magnetic 
circuit  whereon  the  coils  are  to  be  placed,  so  as  to  provide  sufficient 
cooling  surface  for  the  watts  which  it  is  approximately  known  will 
be  expended  in  the  field,  he  will  complete  the  magnetic  circuit  in 
as  direct  a  line  as  possible ;  since  any  length  beyond  the  minimum 
thus  required  unnecessarily  adds  to  the  reluctance,  and  is  therefore 
uneconomical  in  both  iron  and  copper. 

The  most  compact  form  which  the  single  horseshoe-magnet 
can  have  is  that  in  which  it  is  bent  round  into  a  more  or  less 
circular  shape,  as  in  fig.  39,  the  magnet-coil  being  wound 
uniformly  all  over  its  curved  length.  The  length  of  the  magnetic 
circuit  in  the  iron  is  then  a  minimum,  and  the  form  is  both  econo- 
mical in  iron  and  light  in  weight.  It  is,  however,  expensive  to 
wind,  and  it  is  therefore  customary  to  concentrate  the  winding 
into  one  or  more  straight  coils  :  these  may  be  wound  directly  on 
to  the  iron  magnet-cores,  the  wire  being  of  course  entirely  insulated 
from  the  iron  ;  but  more  often,  for  convenience  of  manufacture, 
they  are  wound  separately  on  sheet-iron  or  brass  bobbins  or 
'formers,'  which  are  subsequently  slipped  on  over  the  magnet 
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We  thus  arrive  at  the  simple  C-shaped  inagnet  of  fig.  122,  formed 
of  two  curved  castings  screwed  together  at  one  faced  joint  under  the 
single  coil.  The  same  form  may  also  be  used  with  a  wrought-iron 
core  let  into  two  curved  cast-iron  pole-pieces ;  in  such  cases,  owing 
to  its  greater  permeability,  the  wrought  iron  may,  as  already 
pointed  out,  be  of  considerably  less  sectional  area  than  the  cast 
iron,  and  therefore  the  length  of  each  turn  of  magnetising  wire  and 
the  consequent  weight  of  copper  are  largely  reduced.    A  simple 

modification  of  this  type  leads 
us  to  the  peculiar  field-magnets 
of  the  unipolar  alternator  of  figs. 
78  and  80  ;  there  the  two  end- 
castings  are  branched  out  to 
give  the  several  fields  required, 
and  the  steel  or  wrought-iron 
magnet-core  m  m  is  screwed 
up  tightly  between  the  two  end- 
castings  by  means  of  nuts  on 
the  spindle.  In  general,  it  may 
be  said,  whenever  wrought  iron 
forms  a  portion  or  the  whole 
of  the  magnet,  that,  owing  to  the 
difficulty  of  forging  and  machining  complicated  shapes,  the  neces- 
sity of  joints  becomes  more  pressing,  and  the  coils  are  usually 
more  numerous.  The  form  of  single  horseshoe-magnet  shown  in 
fig.  2  with  wrought-iron  magnet-limbs  and  cast-iron  yoke  is  per- 
haps the  most  commonly  adopted  type  of  a  composite  magnet ; 
the  armature  being  above  the  yoke,  it  may  be  called  the  *  over- 
type '  single  horseshoe,  in  distinction  to  the  *  undertype '  magnets 
of  figs.  123  and  124.  The  advantage  in  these  latter  of  placing 
the  armature  under  the  yoke  is  that  the  axis  of  rotation  is  kept 
low,  and  the  necessity  of  high  pedestals  or  standards  to  carry  the 
two  bearings  is  obviated  ;  hence  this  form  lends  itself  admirably  to 
direct  coupling  to  the  engine  crank-shaft.  Since  the  whole  machine 
is  usually  supported  on  a  cast-iron  bedplate,  it  is  necessary  that  the 
magnet-poles  should  be  carried  on  a  base  or  footstep  of  non- 
magnetic material,  such  as  gun-metal  or  zinc  (;;  n) ;  since  other- 
wise the  magnetic  circuit  would  be  directly  closed  by  the  iron 
bedplate,  and  many  of  the  lines  of  induction  would  be  shunted 


Fig.  122.— C-shapcd  single  horseshoe. 
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across  from  pole  to  pole  through  the  bedplate,  instead  of  passing 
through  the  armature  as  required.  The  vertical  depth  of  the  non- 
magnetic base  must,  in  fact,  be  such  as  to  avoid  excessive  leakage  of 
the  lines  into  the  bedplate,  and  should  therefore  be  roughly  propor- 
tional to  the  length  of  theinterferric  air-gap.  A  common  proportion 
is  for  the  depth  of  the  base 
to  be  about  eight  times 
the  length  of  the  single 
air-gap,  which  with  an 
armature  of  12"  dia- 
meter leads  to  a  depth 
of  from  4-5  inches. 

In  fig.  123  the  whole 
of  the  magnet  is  formed 
of  wrought- iron  forgings 
of  rectangular  cross- 
section  bolted  together 
at  the  top ;  in  fig.  1 24 
the  wrought-iron  cores 
are  let  into  a  common 
cast-iron  yoke,  and  also 
into  the  two  cast-iron 
pole-pieces,  and  may 
therefore  themselves 
have  a  circular  section. 
The  length  of  each  of 
the  two  coils  on  the  single  horseshoe- magnets  above  described 
varies  usually  from  i  to  i  '5  times  the  diameter  of  the  armature. 

A  further  modification  consists  in  dividing  the  single  magnet 
into  two  portions,  so  arranged  that  their  like  poles  abut  on  each 
other,  and  have  a  common  polar  face  (figs.  125  and  126).  Each 
half  of  the  double  magnet  carries  half  the  total  number  of  lines 
that  pass  through  the  armature,  the  right-hand  magnet  carrying  the 
lines  that  pass  through  the  right-hand  half  of  the  armature  core, 
and  the  left-hand  magnet  those  that  pass  through  the  left-hand 
half.  Both  halves  of  the  field  require,  therefore,  to  be  exactly  simi- 
larly magnetised.  The  *  Manchester '  field  of  fig.  125  is  in  reality 
a  pair  of  C-shaped  magnets  (like  that  of  fig.  122)  placed  together, 
each  magnetic  circuit  requiring  its  own  magnetising  coil,  which  is 


Fig.  183.— Undertype  single  horseshoe  with 
rectangular  magnet- cores. 
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placed  on  the  yoke,  and  these  coils  being  wound  so  as  to  produce 
*  consequent'  poles  at  n  and  s.     In  the  same  way,  the  double 

magnet  of  fig.  126  consists 
of  two  horseshoe-magnets, 
each  similar    to   that  of 
fig.   123,  with  two  mag- 
netising coils  on  its  limbs, 
but  carrying  half  the  total 
number  of   lines    which 
pass  through  the  armature. 
The  advantages  gained 
by   such  2-pole   double- 
magnets     are     complete 
symmetry  of  the  field,  and 
in  certain  cases  avoidance 
of  the  necessity  for  massive 
and    heavy    pole-pieces ; 
the    leakage  of  lines  by 
paths     other    than   that 
through  the  armature  is 
slightly    greater    in    the 
double  than  in  the  single 
magnet,  but  approximately 
for  the  same  size  of  arma- 
ture and  the  same  total 
fiow  of  lines  through  it, 
the    cross-sectional    area 
of   each     double  magnet 
limb  need  be  but  slightly 
more  than  half  that  of  the 
single  magnet.   Two  such 
equivalent  fields  may  be 
compared    by    means  of 
figs.  126  and  123,  and  on 
calculating  the  respective 
weights  of  iron  in  the  two, 
it  will  be  found  that  the  single  magnet  is  about  1*4  times  heavier 
than  the  double  magnet,  chiefly  owing  to  the  thin  section  which  is 


FlO.  xa4.— Undertype  single  horseshoe  with 
cylindrical  magnet-cores. 


Fig.  135.— Doable  horseshoe  a-pole  field, 
'  Manchester'  type. 
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allowable  in  the  poles  of  the  latter  on  the  line  a  b.  Against  this 
advantage,  however,  must  be  set  the  fact  that  the  exciting  power  on 
each  of  the  two  circuits  of  the  double  magnet  must  be  the  same  as 
that  on  the  single  magnet,  and  that  therefore  the  double  magnet 
is  expensive  in  copper.  If  the  magnet-cores  of  the  two  dynamos 
to  be  compared  are  both  circular  (as  in  figs.  125  and  124),  and  if 
(neglecting  any  effect  due  to  increased  leakage  of  lines)  the  area  of 
each  core  in  the  double  magnet  is  half  that  of  the  single  magnet,  the 
length  of  wire  required  by  the  double  magnet  will  stand  to  the  length 
of  wire  required  by  the  single  magnet  in  the  ratio  of  2  :  ^  2,  or  i  -41 
to  I ;  an  increase  of  40  per  cent  in  the  weight  of  copper.  If  the 
magnet  limbs  of  both  are  formed  of  rectangular  slabs  (as  in  figs. 


fegg^^ 


— ^^ 


H 


^^^ 


Fig.  126.— Double  honeshoe  a-pole  field, 

126  and  123),  and  the  two  dimensions  of  the  cross-section  are  as 
4  : 1  in  the  double  magnet,  and  4  :  2  in  the  single  magnet,  the  re- 
spective lengths  and  weights  of  wire  in  the  two  machines  are  as 
20  :  12,  or  as  1*66  to  i. 

The  rate  in  watts  at  which  energy  is  dissipated  in  the  coils  of 
the  double  magnet  will  also  be  correspondingly  increased  by  40  per 
cent,  in  the  case  of  circular  cores  and  66  per  cent,  in  the  case  of 
the  above  rectangular  shapes,  but  it  will  still  bear  the  same 
ratio  to  the  square  inches  of  cooling  surface  of  the  coils,  and  will 
not  therefore  be  detrimental  as  regards  their  heating.  If,  however, 
the  same  efficiency  is  to  be  attained  in  the  two  machines,  the  weight 
of  wire  must  further  be  increased :  this  may,  however,  again  be 
followed  by  a  proportionate  shortening  of  the  length  of  the  coils, 
and  a  consequent  shortening  of  the  magnetic  circuits,  the  net  result 
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being  that  the  double  magnet  may  be  light  in  weight,  but  is 
expensive  in  copper,  and  must  therefore  rely  for  its  advantage 
chiefly  on  its  complete  symmetry  of  field  distribution,  the  import 
ance  of  which  will  be  again  alluded  to  later. 


Fig.  127.—  9- pole  field  with  divided  magnetic  drcuiu. 

Another  form  of  divided  field  is  shown  in  fig.  127,  and  is  adapted 
to  flat-ring  machines ;  the  like  poles,  which  face  each  other  on 
either  side  of  the  armature,  may  or  may  not  be  connected  together 
by  pole-pieces  arching  over  the  core,  and  in  any  case  may  be  reck- 
oned as  one  polar  surface. 


The  lines  which  emanate 
from  one  such  joint  polar 
surface  and  pass  in  to  the 
armature  core  are  divided 
into  two  groups,  one  on 
either  side  of  the  armature  : 
the  circuit  of  each  group 
requires  to  be  similarly 
magnetised  by  its  own 
magnetising  coils.  Since 
the  lines  of  each  joint  pole 

F,G.x,8.-a-poleiron-cIad'dynamo.  ^^^     bifurcatC    before     they 

pass  through  the  exciting  coils,  the  machine  is  a  double-magnet 
2-pole  dynamo,  exactly  similar  to  those  of  figs.  125  and  126. 
In  fig.  128  we  revert  to  a  single-magnet  dynamo.     In  this  type 
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the  yoke  is  divided,  and  passes  above  and  below  the  armature  if 
the  poles  are  horizontal,  or  on  either  side  if  the  machine  is  turned 
so  that  the  poles  are  vertically  above  and  below  the  armature.    It 


Fig.  xa9.—4pole dynamo, 

has  been  called  an  'iron  clad '  dynamo,  since  the  field-magnet  in- 
closes the  magnetising  coils.  From  it  is  easily  derived  the  4- 
pole  form  shown  in  fig.  1 29  :  this  type  is  frequently  made  of  two 


.    g?7g??a 


Kx;r>s^^;J 


Fig.  130.—  4-poIc  field  with  two  single  horseshoes. 

castings  bolted  together,  the  lower  magnets,  lower  half  of  the  yoke 
ring,  and  bedplate  being  cast  in  one,  while  the  upper  magnets  and 
upper  half  of  the  yoke-ring  form  the  second  casting.     A  wrought- 
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iron  magnet-core  may  also  be  used,  fastened  on  to  the  yoke-ring 
by  screws,  and  fitted  with  cast-iron  pole-pieces ;  in  this  case  the 
copper  of  the  field-winding  is  reduced,  and  at  the  same  time  it  is 
easier  to  secure  the  due  area  of  polar  surface,  although  the  cost  of 
machining  is  increased.  Thence  it  is  but  a  step  to  the  multipolar 
forms  of  figs.  72  and  73,  the  latter  having  the  yoke-ring  internal  and 
the  magnet-cores  projecting  radially  outwards. 

An  entirely  different  type  of  4-pole  field  with  only  two  horse- 
shoes is  shown  in  fig.  130 ;  it  is  usually  constructed  of  wrought- 


FiG.  131.— Thury  6-poie  dynamo. 

iron  slabs,  the  magnets  being  laid  horizontally  on  their  sides,  and 
supported  bygun-metalbracketsat  a  suitable  height  above  a  common 
bedplate.  The  paths  of  the  lines  are  shown  dotted.  It  will  be 
seen  that  the  group  of  lines  issuing  from  one  pole  divides,  part  re- 
turning at  once  through  the  armature  core  to  the  neighbouring  pole 
of  the  same  magnet,  and  part  passing  through  the  armature  on  to 
a  pole  of  the  second  magnet. 

The  principle  of  the  divided  magnetic  circuit  is  often  intro- 
duced in  multipolar  fields  ;  thus  fig.  131  shows  a  6-pole  dynamo 
which  may  be  evolved  out  of  the  2 -pole  dynamo  of  fig.  125,  while 
from  fig.  127  may  be  evolved  figs.  74  and  132.    The  magnetic 
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system  of  fig.  131,  which  is  identified  with  the  name  of  Thury,  is 
composed  of  wrought-iron  slabs  bolted  to  wrought-iron  pole-pieces, 
and  is  therefore  light  in  weight  but  expensive  to  manufacture.  In 
figs.  74  and  132,  as  in  fig.  127,  the  cast-iron  yoke-rings  form  at  the 
same  time  the  supporting  firamework  of  the  machine.  In  all  such 
cases  of  divided  magnetic  circuits,  where  the  lines  of  induction  of 
each  pole  are  divided  before  passing  through  the  magnetising 
coils,  the  weight  of  copper  on  the  field  must  necessarily  be  more 
than  in  machines  where  the  coils  are  wound  on  the  poles  them- 
selves. 

That  the  field-magnet  and  armature  core  of  any  dynamo  should 
form  approximately  a  closed  magnetic  circuit,  only  broken  by  the 


Fig.  133.— 4-poIe  dynamo  with  divided  magnetic  circuit. 

two  interferric  air-gaps,  has  already  been  stated  at  the  end  of 
Chap.  III.,  and  only  needs  to  be  again  enforced  in  our  present 
context  The  aim  of  the  djmamo-designer  being  to  produce  a 
good  magnetic  circuit,  economical  in  its  manufacture  and  in  its 
working,  the  requirements  which  he  has  to  consider  may  be 
summed  up  under  the  heads  of  compactness  and  mechanical 
strength,  suitable  proportion  of  the  areas  of  cross-section  at  diffe- 
rent parts  of  the  circuit,  small  proportion  of  the  leakage  relatively 
to  the  useful  lines,  and  lastly  symmetrical  distribution  of  the  field ; 
while,  in  certain  special  cases,  lightness  of  weight  may  become  of 
first  importance. 

T 
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How  far  the  requirement  of  compactness  is  met  in  the  usual 
designs  of  field-magnets  will  be  evident  from  the  preceding 
figures  ;  in  older  designs,  originated  when  the  principles  of  the 
magnetic  circuit  were  not  so  fully  understood  as  now,  long  colum- 
nar magnets  were  frequently  adopted,  and  great  use  was  made  of 
divided  magnetic  circuits  with  consequent  poles.  Experience, 
however,  has  shown  that  the  simple  U-shaped  magnet  with  com- 
paratively short  limbs  of  massive  size  stands  pre-eminent  in  point 
of  simplicity,  economy,  and  compactness,  while  the  double-magnet 
fields  of  figs.  125-127  occupy  more  room,  and  require  more 
winding  and  more  copper.  For  very  large  outputs  or  for  alterna- 
tors it  becomes  necessary  to  adopt  a  multipolar  field  ;  but  again 
the  simple  forms  of  figs.  129,  72,  and  73,  which  can  be  evolved 
out  of  the  single  horseshoe,  must  be  given  the  preference  on  the 
score  of  economy. 

As  regards  mechanical  strength,  it  must  be  remembered 
that  between  the  armature  core  and  the  polar  surfaces  of  the 
magnet  a  very  considerable  attractive  force  acts ;  the  magnet 
requires,  therefore,  to  be  rigidly  and  firmly  supported,  so  as  to 
preserve  the  requisite  clearance  and  avoid  any  liability  of  the 
poles  to  collapse  upon  the  armature.  The  attractive  force  acting 
between  each  square  centimetre  of  a  pair  of  divided  surfaces  is 
proportional  to  the  square  of  the  number  of  lines  that  pass  through 
from  one  surface  to  the  other,  i.e.  to  the  square  of  the  induction 
in  the  gap  b^  ;  and  for  a  field  of  lines  uniformly  distributed  over  an 
area  of  a  square  centimetres  the  total  pull  *  in  pounds  between  the 

two  surfaces  is  p  =;r \-^ r  =  —  ^^~ acting  alonff 

Sir  X98iX453"6        11,183,000  °         ^ 

the  direction  of  the  lines,  and  tending  to  shorten  their  length.  A 
pull  of  this  nature  exists,  for  example,  between  each  half  of  the 
armature  and  the  opposite  pole-face  in  the  dynamo  of  fig.  2,  and 
has  to  be  withstood  by  the  mechanical  rigidity  of  the  magnet  as  a 
whole.  Again,  in  the  discoidal  machine  of  fig.  74  each  of  the  side 
magnet  frames  with  its  numerous  poles  experiences  a  direct  pull, 

*  This  equation  is  strictly  applicable  only  when  the  opposing  surfaces  are 
large  as  compared  with  the  gap  between  them,  so  that  the  induction  in  the 
gap  is  appreciably  uniform ;  it  is,  however,  sufficiently  accurate  for  the 
ordinary  purposes  of  dynamo  calculations. 
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tending  to  draw  it  up  against  the  rotating  armature ;  the  two 
yoke-rings  with  their  poles  must  therefore  be  held  down  at  the 
required  distance  apart,  the  armature  being  situated  exactly 
midway  between  them.  So  long  as  the  armature  is  central,  and 
the  flow  of  lines  into  the  one  side  of  the  core  is  similar  to  the 
'flow  into  the  opposite  side,  the  pull  on  the  one  side  of  it  is  precisely 
balanced  by  the  pull  on  the  other.  Hence  any  difference  between 
the  strength  of  the  fields  on  either  side  of  the  armature  must  be 
avoided,  since  it  would  produce  an  unbalanced  end-thrust  on  the 
armature.  Provided  the  two  sets  of  fields  are  alike,  there  is  no 
tendency  for  the  magnet  frames  to  move  as  a  whole  ;  but  should 
they  shift,  owing  to  mechanical  vibration  while  the  machine  is  run- 
ning, the  air-gaps  will  be  increased  on  the  one  side  and  reduced 
on  the  other  side  ;  the  fields  will  be  correspondingly  reduced  and 
increased,  and  the  result  is  that  for  a  very  small  displacement  an 
unbalanced  pull  of  considerable  magnitude  is  set  up,  tending  to 
still  further  displace  the  magnet  frames.  Again,  in  the  multipolar 
disc  machine  of  fig.  75  the  two  sets  of  magnets  are  attracted 
inwards  towards  each  other,  and  must  therefore  be  kept  mechani- 
cally apart  in  order  to  retain  the  due  clearance  on  either  side  of 
the  armature.  Apart,  however,  from  any  magnetic  reasons,  since 
the  field-magnets  form  part  of  the  supporting  framework  of  most 
machines,  the  whole  structure  must  be  sufficiently  rigid  to  with- 
stand any  mechanical  stresses  or  vibration  due  to  the  working  of  the 
machine,  and  all  jointed  surfaces  must  therefore  be  securely  bolted 
or  screwed  together.  Absence  or  fewness  of  joints  in  the  magnetic 
circuit  has  also  been  frequently  regarded  as  desirable  firom  magnetic 
reasons,  and  it  is  therefore  necessary  to  consider  shortly  what  is  the 
exact  efiect  of  a  joint  on  the  magnetic  reluctance  of  an  entire 
circuit 

If  a  bar  of  iron  be  divided  transversely  in  two,  and  the  two 
pieces  be  then  placed  in  contact  and  magnetised,  it  is  found  that 
the  total  reluctance  of  the  iron  is  slightly  increased  owing  to  the 
influence  of  the  joint,  and  this  increase  in  the  reluctance  may  be 
expressed  as  that  of  an  air-gap  equal  in  area  to  the  cross-section 
of  the  iron,  and  having  a  certain  width  depending  on  the  exact 
conditions  of  the  experiment.  If  the  two  surfaces  of  contact  are 
such  as  are  produced  by  ordinary  planing  or  other  machine-tools, 

T3 
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and  the  joint  may  be  regarded  therefore  as,  comparatively  speak- 
ing, rough,  the  width  of  the  equivalent  air-gap  is  equal  to  about 
0*005  c^'j  which  is  only  reduced  to  0*004  cni.  when  the  two 
pieces  are  squeezed  together  under  a  very  considerable  pressure. 
If,  however,  the  two  surfaces  are  carefully  scraped  up,  so  that  they 
are  true  planes,  the  equivalent  width  may  be  taken  as  0*0035  cm. 
when  the  joint  is  not  compressed,  although  under  the  influence 
of  considerable  compression  the  effect  of  the  joint  may  be  made 
almost  entirely  to  disappear.  It  would  seem  that  the  increased 
reluctance  due  to  a  joint  is  in  either  case  due  partly  to  the 
interposition  of  a  thin  film  of  air  between  the  surfaces,  and  partly 
to  an  alteration  in  the  molecular  structure  of  the  iron  at  the  joint, 
which  decreases  its  permeability.*  It  will  be  seen,  however,  that 
the  effect  even  of  a  comparatively  rough  Joint,  although  appre- 
ciable, is  not  of  great  magnitude,  and  is  especially  unimportant 
in  the  case  of  the  magnetic  circuits  of  dynamos,  which  necessarily 
have  air-gaps  beside  which  the  equivalent  air-gaps  of  joints  may 
be  regarded  as  negligible.  The  conclusion  to  be  drawn  is  that 
it  is  not  worth  while  to  use  forgings  of  complicated  shape,  and 
therefore  expensive  to  manufacture,  in  order  to  avoid  joints  in 
wrought-iron  magnets,  nor  is  it  worth  while  to  spend  time  and 
labour  in  carefully  facing  or  scraping  up  any  joints  which  it  is 
decided  to  introduce  into  the  design  of  a  field-magnet.  Absence 
or  fewness  of  joints  in  a  magnetic  circuit  must  therefore  be  r^arded 
as  a  minor  consideration  from  an  electrical  point  of  view,  and  is 
only  of  importance  as  bearing  on  the  mechanical  strength  of  the 
design,  and  as  lessening  the  first  cost  of  the  machine  to  the 
manufacturer. 

The  question  of  joints  where  different  portions  of  a  magnet, 
possibly  one  of  wrought  iron  and  the  other  of  cast  iron,  are  united, 
leads  us  naturally  to  the  third  question — of  the  suitable  pro- 
portioning of  the  sectional  areas  at  different  parts  of  the  magnetic 
circuit.  It  is  highly  important  that  the  lines  of  induction  should 
never  be  *  throttled,'  as  it  is  termed,  by  having  to  traverse  in  the 
course  of  their  path  a  portion  which  is  of  insufficient  area  ;  any 
such  'throttling'  implies  a  high  induction,  and  therefore  a  large 

»  Vide  Magnetic  Induction  in  Iron  and  other  Metcds  (Ewing),  pp.  273- 
28a 
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number  of  ampdre-tums  required  for  each  inch  in  length  of  the 
contracted  portion.  If  the  disproportion  between  the  areas  at 
different  parts  of  the  magnetic  path  be  carried  to  excess,  the 
ampdre-turns  required  to  induce  the  lines  through  the  area  of  the 
narrowest  part  may  form  so  large  a  proportion  of  the  whole 
number  as  almost  to  nullify  the  advantage  of  the  larger  section 
at  other  parts.  In  magnets  composed  throughout  of  iron  of  the 
same  quality  the  area  of  section  should  be  approximately  identi- 
cal at  all  parts  of  the  circuit  which  carry  nearly  the  same  total 
number  of  hnes  ;  and,  generally,  in  any  portion  of  a  circuit  of  the 
same  magnetic  quality,  the  minimum  number  of  anpip^re-turns  is 
required  if  it  be  worked  at  a  uniform  induction.  Hence  in  design- 
ing, the  distribution  of  the  lines  must  be  carefully  studied.  Thus, 
for  example,  in  the  wrought-iron  magnet  of  fig.  123,  a  re- 
duction of  section  is  only  allowable  at  the  pole-pieces  after 
a  certain  proportion  of  the  lines  have  already  passed  into 
the  armature ;  even  then  the  sectional  area  of  the  pole  piece 
at  c  must  be  quite  ample  enough  to  carry  half  the  total  number 
of  lines,  since  otherwise  their  path  to  the  lower  half  of  the  arma- 
ture would  be  throttled.  When,  however,  we  compare  the  single 
magnet  with  the  double  magnets  of  figs.  125  and  126,  it  will  be 
seen  that  the  area  of  the  pole-pieces  at  c  may  be  very  much  thinned 
down  ;  in  fact,  if  consistent  with  mechanical  strength,  the  two 
horseshoes  may  even  be  separated  along  the  line  a  b^  and  made 
to  merely  abut  on  each  other  over  an  area  of  very  small  depth  ; 
no  lines  need  pass  through  the  joint,  since  each  magnet  will 
separately  feed  its  own  half  of  the  armature  with  lines. 

Next,  when  the  lines  pass  from  one  material  into  another,  as 
from  wrought  iron  into  cast  iron,  or  viceversA^  as  in  figs.  2, 125,  74, 
the  areas  of  the  two  parts  should  be  so  proportioned  that  both 
are  worked  at  a  suitable  induction  ;  hence  it  follows  from  p.  260 
that  the  area  of  the  cast-iron  should  be  almost  double  that  of 
the  wrought-iron  portion.  Further,  the  nature  of  the  joint  should 
be  such  as  to  give  ample  area  of  contact,  and  afford  an  easy 
passage  from  the  one  metal  into  the  other  :  this  is  secured  in  the 
dynamo  of  fig.  125  by  sinking  the  magnet-cores  into  accurately 
turned  holes  in  the  cast-iron  yokes,  and  drawing  the  two  firmly 
together  by  screws.     So  also,   in  the  dynamo  of  fig.  74,  the 
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wrought-iron  cores  are  drawn  tightly  up  against  the  cast-iron  yoke 
by  means  of  screws,  a  shoulder  on  each  wrought-iron  core  bearing 
against  the  yoke-ring. 

In  applying  the  above  rules  it  must  be  borne  in  mind  that 
'  throttling '  is  a  relative  term,  and  under  certain  circumstances  a 
high  induction  and  somewhat  contracted  area  of  certain  parts  may 
be  legitimate  ;  especially  is  this  the  case  with  those  portions  of 
the  magnetic  circuit  which  are  actually  encircled  by  the  magnet- 
ising coils.  It  has  been  stated  that  the  induction  in  an  armature 
of  the  ring  type  may  be  given  a  high  value,  since  by  so  doing 


\ 


Fig.  133.— Magnetic  leakage  in  overtype  bipolar  dynama 

the  length  of  each  turn  of  the  copper  wire,  and  consequently 
its  resistance  and  weight,  are  lessened,  and  precisely  the  same  con- 
sideration applies  to  the  wrought-iron  magnet-cores  on  which  the 
field  ampere-turns  are  wound.  On  the  other  hand,  portions  of 
the  magnetic  circuit  which  are  not  overwound  with  copper,  espe- 
cially if  of  cast  iron,  which  is  comparatively  inexpensive,  may  often 
be  advantageously  given  somewhat  lavish  proportions  and  worked 
with  a  low  induction.  Thus,  in  the  dynamos  of  figs.  74,  75,  and 
127,  it  is  economical  to  keep  the  induction  in  the  magnet-cores 
at  a  fairly  high  figure ;  the  cross-area  of  the  cast-iron  yoke-ring 
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should  then  be  at  least  equal  to  that  of  the  magnet ;  the  induction 
is  thus  halved,  since  the  lines  divide  after  passing  through  each 
core,  half  only  passing  in  either  direction  round  to  the  next  pole. 
As,  however,  the  material  of  the  yoke  is  cast  iron,  and  in  this  part 
gives  strength  and  solidity  to  the  whole  structure,  it  may  be 
economical  to  even  enlarge  its  area  to  more  than  equality  with  the 
area  of  the  wrought  iron,  so  as  to  further  lessen  the  induction  and 
with  it  the  ampbre-tums  on  the  field.  In  many  other  cases  the 
yokes  and  pole-pieces,  not  being  surrounded  by  wire,  may  advan- 
tageously be  of  comparatively  large  area. 

In  dl  calculations  for  the  purpose  of  determining  the  proper 
area  for  any  portion  of  the  magnet,  the  question  of  leakage  lines 
must  not  be  left  out  of  sight  when  esti- 
mating the  induction.     As  was  pointed 
out  in  Chap.  III.,  lines  of  induction  will  , 

flow  between  any  two  points  or  surfaces    /,  \ 

between  which  there  exists  a  difference  of   1 1  '  [ 

magnetic  potential,  and  consequently,  in    ^\^  i 

all  dynamos,  there  is  a  considerable 
number  of  lines  that  leak  across  from  one 
pole  to  another  without  passing  through 
the  armature  core,  where  alone  their 
presence  would  be  of  use.    Thus,  in  the  ^_  ^ 

2-pole  dynamos  of  figs.  2  and  125,  lines 
will  leak  across  from  one  pole-piece  to 
the  other,  from  one  magnet  limb  to  the 
other,  and  even  from  one  part  to  another 
part  of  the  same  limb  :  a  few  of  these 
paths  are  traced  out  in  figs.  133  and  134. 
The  presence  of  these  leakage  lines  in 
the  air  is  shown  in  a  disagreeable  manner 
by  the  magnetic  effects  which  they  produce  in  watches,  electro- 
magnetic measuring  instruments,  or  any  piece  of  iron  held  in  the 
vicinity  of  an  excited  dynamo. 

In  calculating,  therefore,  the  area  of  iron  required  at  any 
part  of  the  field-magnet,  the  induction  will  be  reckoned  too  low  if 
only  those  lines  which  pass  through  the  armature,  and  are  there- 
fore useful,  are  taken  into  account.     If  the  magnet  is  to  be 
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Fig.  X34.  — Maf^etic  leakage  in 
undeitype  bipolar  dynamOi 


Digitized  by  VjOOQ  IC 


28o  THE  DYNAMO 

worked  with  uniform  induction  throughout  its  length,  its.  area 
of  cross -section  should,  strictly  speaking,  be  continually  varied  as 
lines  leak  into  or  out  of  it.  Since,  however,  the  chief  fall  of 
magnetic  potential  occurs  over  the  two  air-gaps  and  the  armature 
between  them,  it  will  be  approximately  sufficient,  as  was  pointed 
out  in  Chap.  III.  pp.  35,  36,  to  regard  all  the  leakage  Hnes,  {;  as 
flowing  between  the  one  pole-piece  and  the  other,  and  then  to  add 
them  to  the  lines  through  the  armature  in  order  to  estimate  the 
total  number  of  lines  which  pass  through  the  magnet  The 
induction,  therefore,  in  the  magnet  will  be  reckoned  as  equal  to  the 
sum  of  t  and  z^  divided  by  the  area  of  the  magnet ;  and,  apart 
from  any  inferiority  in  the  permeability  of  the  iron  of  the  magnet 
to  that  of  the  armature  core,  the  area  of  the  former  should  be 
larger  than  that  of  the  armature. 

Since  it  is  the  aim  of  the  designer  to  reduce  £  to  a  small  pro- 
portion of  Zm»  the  total  number  of  lines  passing  through  the 
magnet,  he  will  avoid  bringing  any  large  mass  of  iron  into  close 
proximity  to  the  pole-pieces.  In  especial  the  magnetic  leakage 
will  be  largely  affected  by  the  nearness  or  otherwise  of  the  bed- 
plate, bearings,  or  the  flywheel  of  the  machine,  since  these  by 
their  comparatively  high  permeability  lessen  the  total  reluctance 
presented  by  any  leakage  path.  The  effect  of  the  bedplate  has 
been  already  pointed  out,  in  the  case  of  the  undertype  single 
horseshoe,  as  rendering  its  leakage  greater  than  in  the  corre- 
sponding overtype  machine.  In  the  Manchester  field  it  is  very 
usual  to  support  the  bearings  of  the  armature  shaft  on  pedestals 
formed  by  extensions  from  the  lower  cast-iron  pole-piece,  and 
due  to  this  there  is  considerable  leakage  from  the  bearings  into 
the  upper  pole-piece.  Even  in  the  overtype  single  horseshoe, 
where  the  bearings  are  supported  from  the  yoke  of  the  magnet, 
lines  leak  from  the  sides  of  the  pole-pieces  into  the  pedestals  and 
bearings  on  either  side  of  the  armature.  For  the  same  reason,  in 
the  single  magnet  of  fig.  128  the  over-arching  halves  of  the  yoke 
must  be  kept  at  some  distance  away  from  the  armature  and  poles 
in  order  to  avoid  considerable  leakage.  When  this  type  is 
adopted  for  multipolar  machines,  as  in  fig.  129,  the  leakage  from 
the  yoke  becomes  less  important,  but  the  close  neighbourhood  of 
the  poles  leads  to  considerable  leakage  across  the  air  from  one  to 
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the  odier ;  and  this  is  almost  inevitable  in  any  case  where  there 
are  numerous  poles  of  alternate  sign  presented  to  the  armature. 
The  great  advantage  in  this  respect  of  unipolar  machines,  such  as 
those  of  figs.  78,  79,  and  80,  over  multipolar  machines,  such  as 
those  of  figs.  74  and  75,  has  already  been  mentioned  on  pp.  154, 
164,  and  in  any  unipolar  machine,  since  all  the  poles  on  one  side 
of  the  armature  are  of  the  same  sign,  the  leakage  may  be  regarded 
as  practically  negligible. 

Lastly  we  come  to  the  symmetrical  distribution  of  the  field  : 
by  this  requirement  we  are  to  understand  that  if  a  line  be  drawn 
through  the  centres  of  a  pair  of  fields  existing  between  the  arma- 
ture and  two  separate  polar  surfaces,  and  each  of  the  fields  be 
thus  divided  into  two  halves,  the  distribution  of  the  lines  of  in- 
duction in  the  two  halves  on  the  one  side  of  the  dividing  line 
should  be  as  nearly  as  possible  similar  to  their  distribution  in  the 
two  halves  on  the  opposite  side.  Thus  in  fig.  44  it  is  requisite 
that  the  two  halves,  a  and  ^,  of  the  fields  above  the  line  n  s  should 
be  symmetrical  with  the  two  halves,  ^,  d^  below  that  line  as  regards 
their  distribution  of  hues.  It  is  not  implied  that  the  two  halves, 
ay  by  of  one  and  the  same  field  must  be  identical ;  and,  in  fact,  in 
the  working  of  the  dynamo  (as  will  be  explained  in  Chap.  XVII.) 
this  cannot  be  secured,  for  at  the  corner  of  b  the  lines  will  be 
more  densely  crowded  together,  and  the  field  will  be  stronger  than 
at  a.  But  granting  this  to  be  so,  what  is  implied  is  that  the  field 
at  the  comer  c  should  be  stronger  than  that  at  the  comer  dy  to  the 
same  extent  and  in  the  same  way  as  b  is  stronger  than  a,  so  that 
the  entire  distribution  above  and  below  the  dividing  line  is  sym- 
metrical. The  importance  of  this  is  due  to  two  reasons,  one 
mechanical  and  the  other  electrical.  Taking  first  the  case  of  the 
overtype  single-magnet  dynamo  (fig.  2),  it  is  evident  that  there  is 
a  tendency  for  the  lines  of  induction  to  crowd  into  the  lower  half 
of  the  armature,  since  the  path  which  they  then  follow  is  shorter 
and  of  less  reluctance  than  that  of  the  lines  which  pass  on  into 
the  upper  half  of  the  armature.  Especially  will  this  be  the  case 
under  two  conditions  :  first,  if  the  sectional  area  of  the  pole-piece 
across  the  neck  at  s  or  n  be  too  small,  and  the  passage  of  the  lines 
to  and  from  the  upper  half  of  the  armature  be  thereby  throttled  ; 
or,  secondly,  if  the  armature  be  of  large  diameter,  and  the  length 
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of  iron  traversed  by  the  lines  flowing  to  and  from  the  upper  half 
of  the  armature  be  therefore  considerably  greater  than  that 
traversed  by  the  lines  of  the  lower  half.  The  general  direction  of 
the  lines  through  the  air-gap  being  more  or  less  radial  {pide  fig.  44), 
the  attractive  force  of  each  half-field  upon  a  quarter  of  the  armature 
may  be  regarded  as  concentrated  along  a  line  inclined  at  an  angle 
of  about  30*"  to  the  line  n  s  ;  it  has  therefore  a  vertical  component 
in  an  upward  direction  in  the  case  of  the  two  upper  quarters  of 
the  armature,  and  downwards  in  the  case  of  the  two  lower  quarters. 
Now,  owing  to  the  density  of  the  field  at  b  being  greater  than  at  a, 
as  described  above,  the  downward  component  of  the  pull,  due  to 
the  field  at  by  may  be  greater  than  the  upward  component  of  the 
pull  due  to  a  ;  yet  if  the  distribution  of  the  field  be  symmetrical 
on  either  side  of  the  line  n  s,  according  to  our  previous  definition, 
this  difference  will  be  balanced  by  the  greater  upward  pull  of  the 
field  at  c  as  compared  with  the  downward  pull  of  d.  The  result  is 
that  the  armature  as  a  whole  experiences  no  unbalanced  pull,  either 
upwards  or  downwards.  But  if  the  field  be  unsymmetrical,  and  the 
quarters  ^,^  are  more  crowded  with  lines  than  a  and  r,  the  down- 
ward pull  of  ^,  ^  will  more  than  counterbalance  the  upward  puUof  a 
and  Cy  and  there  will  thus  be  an  unbalanced  pull  downwards. 
This  will  cause  the  armature  of  fig.  2  to  exert  a  steady  pressure 
on  its  bearings,  greater  than  that  due  to  its  mere  weight ;  and  if 
the  want  of  symmetry  of  the  upper  and  lower  halves  of  the  fields 
be  great,  the  downward  pressure  may  reach  such  dimensions  as  to 
cause  undue  friction,  and  perhaps  serious  heating  of  the  bearings. 
Finally,  as  the  brasses  of  the  bearings  wear  down,  the  armature 
sinks  and  becomes  decentralised  in  the  bore  of  the  pole-pieces  : 
this  shortens  the  length  of  the  air-gaps  at  the  lower  quarters 
and  increases  those  of  the  upper  quarters,  thus  still  further 
weakening  the  upper  halves  of  the  fields  and  strengthening  the 
lower  halves. 

Mutatis  mutandis^  the  whole  of  the  above  applies  equally  weU 
to  the  undertype  single  horseshoe ;  but  in  this  case  the  unbalanced 
pull  will  be  upwards,  and  tend  to  lift  the  armature,  so  taking  its 
weight  off  the  bearings  ;  in  fact,  in  some  cases  of  large  drum  arma- 
tures placed  underneath  a  single  2 -pole  magnet  the  distribution 
of  the  fields  has  been  so  arranged  that  the  upward  pull  almost 
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balances  the  weight  of  the  armature.  We  may,  indeed,  conceive  of 
an  undertype  armature  revolving  in  mid-air  without  any  bearings, 
its  only  support  being  the  unbalanced  pull  exerted  by  the  upper 
polar  surfaces.  Generally  speaking,  however,  it  is  desirable  that 
the  fields  in  which  both  ring-  and  drum- wound  armatures  are  to  be 
placed  should  be  symmetrically  distributed,  and  the  extreme  im- 
portance of  this  in  the  case  of  ring- wound  armatures  has  already 
been  pointed  out  in  Chap.  XI.  (p.  207).  Now  the  chief  merit  of 
the  double-magnet  type  of  2-pole  dynamo  is  that  complete  sym- 
metry of  field-distribution  is  much  more  easily  attained ;  from 
an  inspection  of  figs.  125  and  126,  it  is  evident  that,  provided 
the  armature  be  placed  concentrically  within  the  bore  of  the  pole- 
pieces,  there  will  be  complete  similarity  between  the  two  halves 
of  the  fields  on  the  right  of  the  dividing  line,  a  b^  and  the  two 
halves  on  the  left  of  that  line ;  the  double-magnet  field  is 
therefore  specially  suited  to  ring  armatures  of  large  diameter. 
Symmetry  of  field  may  also  be  accredited  to  the  single  magnet 
form  of  fig.  128. 

In  the  case,  however,  of  the  simple  horseshoe  magnet  especial 
care  must  be  taken  in  the  design  that  the  area  of  the  pole-piece  be 
not  so  much  reduced  at  its  middle  or  thinnest  part  as  to  throttle 
the  lines  and  cause  the  majority  of  them  to  take  the  shortest  path 
through  the  armature  bypassing  through  that  half  which  is  nearest  to 
the  yoke.  The  area  of  the  pole-pieces  must  be  well  maintained  up 
to  their  furthest  extremities,  so  that,  as  the  lines  gradually  filter  out 
into  the  armature,  the  reduced  density  of  those  that  remain  lessens 
the  reluctance  and  compensates  for  the  greater  length  of  the  path 
which  they  follow.  In  fact,  by  careful  shaping  of  the  pole-pieces, 
much  may  be  done  to  secure  a  uniform  distribution  of  lines  in 
each  air-gap  between  the  polar  face  and  the  armature  core.  Special 
devices  have  also  been  adopted  in  order  to  equalise  the  reluctances 
of  the  two  paths — ^the  upper  and  the  lower.  The  simplest  method 
is  to  place  the  armature  eccentrically  in  the  bore,  its  centre  in  the 
overtype  dynamo  being  farther  away  from  the  yoke  than  the 
centre  from  which  the  pole-pieces  are  bored  out  Another  method 
is  to  make  the  width  of  the  gap  between  the  pole-pieces  farther 
fi-om  the  yoke  less  than  that  of  the  gap  nearer  the  yoke ;  or,  again, 
the  rectangular  magnet  slabs  may  have  polar  extensions  forged  on 
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them  at  their  further  ends  (c^  c^%  fig.  135),  the  place  of  these  ex- 
tensions at  the  ends  of  the  polar  surface  nearer  the  yoke  being 
taken  by  cast-iron  'horns,'  ^g  c^  screwed  on  to  the  wrought  iron ; 
the  inferior  permeability  of  the  cast  iron  then  makes  the  path 
through  the  half  of  the  armature  nearer  the  yoke  present  equal 
reluctance  to  that  of  the  path  farther  from  the  yoke.^ 

The  same  principles  may  easily  be  extended  to  multipolar 
fields.  If  a  dividing  line  be  taken  through  the  centres  of  any  pair 
of  fields,  the  distribution  of  the  fields  on  the  one  side  of  the  line 
should  be  symmetrical  with  those  on  the  opposite  side.  The  dis- 
tribution of  the  fields  in  the  magnetic  systems  of  figs.  129  and  131, 
being  multipolar  offshoots  from  those  of  figs.  128  and  126,  will  be 
perfectly  symmetrical  provided  that  the  armature  be  exactly  central; 
but  as  the  bearings  of  the  armature-shaft  wear  and  allow  the  core 
to  sink  slightly,  the  air-gaps  at  the  lower  poles  will  be  shortened, 
and  those  at  the  upper  poles  lengthened,  thus  producing,  on  the 
whole,  stronger  fields  in  the  lower  half  than  in  the  upper  half.  The 
mechanical  result  will  be  an  increasing  pressure  on  the  bearings, 
but  there  is  a  fiirther  electrical  result  which  is  even  more  import- 
ant. In  the  case  of  all  parallel-wound  armatures,  whether  ring  or 
drum,  the  inductors  which  at  any  time  form  the  lower  parallels  of 
the  winding  will  continually  produce  a  slightly  higher  E.M.F.  than 
those  which  form  the  upper  parallels ;  the  result  is  that  an  un- 
balanced E.M.F.  acts  through  the  resistance  either  of  the  entire 
winding  in  series,  or  of  certain  of  the  parallels  as  joined  together 
by  the  wires  connecting  together  sets  of  brushes  ;  on  open  circuit 
this  produces  large  local  currents,  and  consequent  waste  of  energy, 
while  on  closed  circuit  the  currents  are  unequally  distributed 
among  the  different  parallels,  which  likewise  reduces  the  efficiency 
of  the  machine.  This  detrimental  action  in  large  multipolar  fields 
having  ring  or  drum  armatures  with  radial  poles  either  inside  or 
outside  the  armature  only  applies  to  the  drum  winding  when  it 
forms  more  than  two  parallels,  and  is  entirely  removed  if  the  drum 
armature  be  series-wound  to  form  only  two  parallels,  since  then 
the  zigzag  winding  passes  continuously  round  in  series  from  the 
weaker  poles  to  the  stronger  poles  (p.  210), 

'  See  Esson,  Journal  Inst,  Eke,  Eng,  vol.  xix.  No.  85,  p.  127. 
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When,  however,  we  pass  to  the  multipolar  form  of  fig.  132, 
with  flat-ring  armature,  no  such  objection  can  be  raised,  even 
though  the  armature  is  ring-wound  and  in  several  parallels ;  the 
armature  may  sink  relatively  to  the  fields  as  wear  takes  place  in 
the  bearings,  but  the  effect  of  such  decentralisation  on  the  voltage 
of  the  parallels  will  be  practically  negligible. 
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CHAPTER  XV 

THE  AMPERE-TURNS  OF  THE  FIELD 

In  out  previous  equations  for  the  internal  E.M.F.  induced  in  an 
armature,  one  of  the  three  determining  factors  has  been  z^  or  the 
number  of  lines  of  induction  which  enter  into  the  armatiure-core 
from  one  pole  or  leave  the  core  to  pass  into  another  pole.  We 
have  now  to  determine  the  ampbre-turns  of  exciting  power  which 
must  be  be  placed  on  the  magnet  in  order  to  produce  z«  lines  in 
that  part  of  the  magnetic  circuit  where  they  are  required,  viz.  in 
the  armature,  so  that  they  may  be  cut  by  the  inductors.  The 
actual  process  has  been  already  illustrated  in  Chap.  III.,  and 
consists  in  the  subdivision  of  the  entire  magnetic  circuit  into  such 
lengths  as  may  be  considered  to  be  of  the  same  sectional  area 
and  permeability,  and  to  carry  the  same  number  of  lines,  the 
calculation  of  the  magnetic  differences  of  potential  required  to 
drive  the  lines  through  each  of  these  lengths,  and  their  subsequent 
summation  as  one  magneto-motive  force.  In  nearly  all  cases,  any 
magnetic  circuit  in  a  dynamo  may  be  divided  into  the  three  principsd 
parts  :  (i)  the  air-gaps,  (2)  the  iron  of  the  armature,  (3)  the  iron  of 
the  field-magnet ;  the  latter  may  further  require  to  be  subdivided 
into  two  parts,  viz.  (a)  the  magnet-cores  or  limbs,  and  (b)  the 
yoke,  and  in  some  cases,  where  the  pole-pieces  differ  much  in  area 
and  quality  from  the  rest  of  the  magnet,  a  third  subdivision 
becomes  necessary,  viz.  (c)  the  pole-pieces.  The  subscript  letters, 
^,  a,  m,  y^  and  /,  will  in  future  be  used  to  denote  these  several 
parts.  Owing  to  leakage  the  total  flux  of  lines  will  vary  in  different 
parts  of  the  circuit,  but,  as  explained  in  Chapter  III.,  on  the  sup- 
position of  the  leakage  paths  being  all  in  parallel  with  the  armature 
and  air-gaps,  it  will  suffice  to  consider  z^  lines  as  flowing  through 
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the  armature,  and  a  larger  number,  z^  as  flowing  through  the 
magnet. 

From  the  ring  experiments  described  in  Chaps.  III.  and  XII. 
it  was  shown  that  to  produce  a  given  induction,  b,  in  any  material 
in  a  definite  physical  state,  a  certain  magnetising  force,  h,  was 
required.  The  'magnetising  force,'  h,  is,  in  fact,  the  'difference 
of  magnetic  potential '  which  must  exist  between  opposite  faces  of 
a  centunetre  cube  of  the  substance  in  question,  in  order  that  b 
lines  may  flow  through  it. 

If  z  lines  flow  through  a  portion  of  a  magnetic  circuit,  having 
a  total  area  of  cross-section  of  a  square  centimetres  normal  to  their 
path,  the  value  which  h  must  have  is  entirely  independent  of  the 
total  flow  of  lines,  and  is  solely  determined  by  their  density  per 

square  centimetre,  or  the  induction  b  =- ;  that  is  to  say,  whatever 

a 

be  the  total  area  normal  to  the  flow,  if  a  difference  of  magnetic 

potential,  h,  be  maintained  between  two  surfaces  one  centimetre 

apart,  b  lines  will  flow  through  each  square  centimetre  of  the 

cross-section.    Each  centimetre  length  of  the  substance,  therefore, 

requires  a  specific  difference  of  magnetic  potential,  h  (dependent 

on  b),  to  be  maintained  between  its  ends,  and  if  the  same  induction, 

B,  be  continued  over  a  portion  whose  length  is  /  centimetres,  the 

total  fall  of  magnetic  potential  between  opposite  faces  of  the 

portion  will  be  H  x  /,  and  that  difference  of  potential  maintained 

between  its  ends  will  cause  a  total  flow  of  zs=Ba  lines  through  it 

Reckoning,  therefore,  the  lengths  of  the  three  portions  of  the 

magnetic  circuit  in  centimetres,  and  Ig  being  the  length  of  a  single 

air-gap,  we  may  express  the  fundamental  equation  for  the  ordinary 

bipolar  dynamo  with  its  two  air-gaps,  one  on  either  side  of  the 

iron  armature,  in  the  following  form  : — 

Total  M.M.F.=H«/a+H^2/^-f  H«;«, 

where  h«,  h^,  and  h,»  are  the  magnetising  forces  required  to  pro- 
duce Bo,  B^,  Bm  in  the  armature,  air-gap,  and  field-magnet  respec- 
tively. Now  H  has  been  shown  to  be  simply  a  function  of  the 
induction,  so  that  the  equation  may  equally  well  be  written — 

Total  M.M.F.=:/(B,) .  4+/(b,)  .  2/,+/(b«)  •  4.. 
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And  finally,  since  b=-, 

M.M.F.=/g).44-/(0.«U/(y./. 

Now  curves  of  magnetisation,  such  as  fig.  iii,  are  curves  which 
connect  together  corresponding  values  of  b  and  h  for  various 
substances.  Having  calculated,  therefore,  the  different  values  of 
Ba,  B^  B,^  for  a  given  value  of  z^,  all  that  is  necessary  is  to  look  out 
in  the  magnetisation-curve  of  the  substance  in  question  the  par- 
ticular value  which  b  now  has  in  it,  and  then  to  read  off  on  the 
scale  of  abscissae  the  corresponding  particular  value  which  h  must 
have  for  that  induction  :  this  value  can  then  be  substituted  for 
the  specific  h  in  the  above  equation. 

So  far  we  have  dealt  with  C.G.S.  units  of  magneto-motive 
force,  their  number  being  equal  to  1*256  times  the  amp^re-tums  ; 
but  for  our  immediate  purpose  we  require  an  equation  expressed 
directly  in  amp^re-tums  of  exciting  power  (x),  or 

x=x«+x^+x^ 

where,  as  before,  the  three  right-hand  terms  are  the  exciting 
powers  required  respectively  by  the  armature,  air-gaps,  and  field- 
magnet.  The  magneto-motive-force  equation  will  require  to  be 
divided  throughout  by  1*256  in  order  to  express  it  in  ampfere- 
turns  ;  but  since  the  values  of  h  in  the  curves  of  magnetisation 
were  originally  derived  from  a  measured  number  of  ampere- 
turns  per  centimetre  length,  it  is  still  simpler  to  show  on  the 
horizontal  axis  of  abscissae  a  scale  of  amp^re-tums  per  cen- 
timetre length  (as  well  as  a  scale  of  h  in  C.G.S.  units),  and  thence 
read  off  the  exciting  power  required  per  centimetre  length  to 
produce  a  flow  of  b  lines  per  square  centimetre.  This  has  been 
done  in  the  upper  of  the  two  horizontal  scales  of  fig.  iii,  whence, 
therefore,  we  can  read  off  the  new  value  which  the  function  of  the 
induction  takes  when  expressed  in  ampbre-tums,  or 

We  thus  obtain 

Total  ampfere-tums=x=/  (bJ  .  /«+/  (b^)  .  2/^-f/  (b^)  .  /«. 
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It  may  here  be  objected  that  no  curve  of  magnetisation  appro- 
priate to  the  air-gaps  of  the  dynamo  has  been  given,  and  that 
therefore  y^  (b^)  cannot  be  at  present  determined.  When,  however, 
it  is  remembered  that  the  permeability  of  air  is  strictly  constant, 
or,  in  other  words,  that  the  exciting  power  required  per  cm.  length 
of  path  in  the  air  is  directly  proportional  to  the  induction,  it  is 
evident  that  the  curve  of  magnetisation  of  air  would  be  simply  a 
straight  line  inclined  at  a  certain  angle  to  the  axes,  and  that  it  is 
therefore  unnecessary  to  plot  it  As  stated  in  Chap.  III.,  the  per- 
meability of  air  on  the  C.G.S.  system =1,  so  that  to  produce  an 

induction  of  one  line  per  square  cm.  in  air  requires  —i— =-8    of 

an  ampbre-turn,  and  to  produce  any  other  induction  b,  requires 
*8  X  B,  ampbre-tums  per  cm.  length.  The  air-gap  of  a  dynamo  is 
made  up  partly  of  air  and  partly  of  cotton-covered  copper  wire, 
but  since  the  permeability  of  the  latter  two  materials  is  sensibly 
the  same  as  that  of  air,  the  whole  interferric  space  between  the 
iron  of  pole-piece  and  iron  of  armature  core  may  be  treated  as  a 
gap  of  air  alone.  Hence  for/'  (b^)  in  the  above  equation  we  may 
at  once  substitute  the  value  '8b^,  and 

x,=-8b^.2/j„  or  -8??. 24. 
9 
As  hinted  on  p.  37,  in  calculating  ag  a  certain  additional  area 
must  be  reckoned  over  and  above  the  actual  area  of  the  polar 
face  in  order  to  allow  for  the  spreading  out  of  the  lines  in  a  fringe, 
which  increases  the  effective  area  of  the  air-gap.  The  quantitative 
value  for  this  increase  will  be  discussed  later. 

The  final  expression  now  obtained  for  the  total  ampere-turns 
of  excitation,  viz. 

may  also  be  reached  by  another  more  circuitous  route,  which 
will,  however,  serve  to  emphasise  the  principles  underlying  it. 
Since  the  product  of  the  reluctance  of  any  portion  of  a  magnetic 
circuit,  and  the  total  number  of  lines  flowing  through  it,  gives  the 
difference  of  magnetic  potential  which  must  exist  between  its  ends, 
the  fundamental  equation  for  the  magnetic  circuit  of  a  dynamo 
may  be  expressed  as 

Total  M.M.F.=o-4ir  AT=z«R.-f  z^r^+z„r^ 

u 

Digitized  by  VjOOQ  IC 


290  THE  DYNAMO 

where  Ra,  R^  and  R«  are  the  reluctances  of  the  armature,  air-gaps, 
and  field-magnet  respectively.  These  several  reluctances  may 
also  be  expressed  as  the  quotients  of  their  length  in  centimetres, 
divided  by  the  product  of  their  permeability  and  area  in  square 
centimetres,  or 

/  2/  / 

0-4ir  AT=Za  -^  '\-^a  — ^  +Z11.       * 


«flA*a  ^g^Q  «W% 

But  the  number  of  lines  divided  by  the  area  through  which  they 

flow,  or  - ,  is  equal  to  b,  or  the  induction  at  that  part ;  therefore 
a 

o-4ir  AT=B«  ^  +B^?4  +  B,^^^. 

ffd  A*u  f^> 

Further,  5=h,  and  therefore 

Thence,  by  the  same  steps  as  before,  since  h  is  a  function  of  the 
induction,  and  in  the  case  of  air,  of  which  the  permeability /a^  is  i, 
is  equal  to  the  induction,  we  return  to  our  previous  equation — 

X=AT=-8/(B«)  .  /a+-8B,2/,  +  -8/(Bj  .  /. 

Both  methods  of  arriving  at  this  equation  are  equally  correct, 
and  their  apparent  difference  is  due  to  die  fact  that  the  former  deals 
more  directly  with  magnetising  forces,  while  the  latter  starts  with 
reluctances.  Hence  the  former  is  at  once  simpler  and  more 
appropriate,  since  it  is  seldom  requisite  to  calculate  the  actual 
reluctance  of  any  portion  of  the  magnetic  circuit  of  a  dynamo. 
The  actual  process  in  designing  will  be  to  determine  the  induc- 
tions, Ba  and  Bm,  and  then  to  read  off  from  a  magnetisation-curve 
the  corresponding  number  of  amp^re-tums  required  per  cm.  length  ; 
while  even  in  the  case  of  the  air-gap  it  is  useful  to  calculate  b^  as 
affording  something  of  a  clue  to  the  probable  amount  of  losses  by 
eddy  currents  which  may  be  expected  in  the  armature  winding 
and  surface  of  the  core. 

The  magnetisation-curves  from  which  the  values  of  the  specific 
exciting  powers  are  read  must  be  suited  to  the  exact  nature  of  the 
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materials  of  which  the  dynamo's  magnetic  circuit  is  composed. 
Thus,  for  the  ampere-turns  required  over  the  length  of  path 
in  an  iron  armatiure-core,  the  curve  for  annealed  wrought  iron 
will  be  used,  since  the  armature  core  is  invariably  made  of 
wrought-iron  discs  or  ribbon  or  wire,  while  for  the  field-magnet, 
either  the  wrought-iron  or  the  cast  iron  or  steel  curve  will  be 
used,  according  to  its  material  On  referring  to  fig.  iii,  it  will 
be  seen  that  if  the  magnet  be  worked  with  a  low  induction,  say,  e.g, 
10,000  in  wrought  iron  or  6,000  in  cast  iron,  the  value  of  h  for  a 
given  induction  is  indeterminate,  and  may  have  any  value  lying 
between  the  ascending  and  descending  curves ;  in  the  cases  sup- 
posed, the  limits  will  be  1*5  or  4  amp^re-tums  per  cm.  length  for 
wrought  iron,  and  16  or  25  for  cast  iron.  Vice  versd,  with  a  given 
magnetising  force,  the  induction  may  vary  between  certain  limits 
according  as  it  has  been  reached  from  a  higher  or  lower  value. 
Hence  a  certain  number  of  ampbre-tums  on  the  field  may  induce 
a  slightly  larger  number  of  lines  at  one  time  than  at  another,  if  the 
excitation  be  raised  to  a  higher  value  and  then  decreased ;  and  the 
student  may  therefore  feel  a  doubt  as  to  what  value  of  exciting 
power  he  is  to  select  In  practice,  however,  any  such  effect  of 
hysteresis  resulting  in  a  variation  of  the  voltage  given  by  a  dynamo 
when  running  at  a  certain  speed  is  hardly  perceptible ;  not  only  is 
a  dynamo  seldom  worked  with  a  very  low  induction  in  the  iron  of 
the  field-magnets  (and  with  higher  values  for  the  induction  the 
vertical  difference  between  the  ascending  and  descending  curves 
becomes  negligible),  but  also  the  exciting  power  expended  over  the 
reluctance  of  the  field-magnet  or  x^  forms  only  a  certain  propor- 
tion, usually  less  than  half,  of  the  total  number  of  amp^re-tums, 
x=XaH-x^+x„„  and  therefore  an  increased  number  of  ampere- 
turns  is  required  for  the  armature  and  air-gaps,  if  an  increased 
number  of  lines  pass  through  the  armature.  Further,  in  actual 
working  the  excitation  is  never  varied  through  a  very  wide  range ; 
in  fig.  Ill,  the  magnetising  force  per  cm.  length  of  iron  has  been 
carried  up  to  a  high  figure,  and  then  gradually  reduced,  so  pro- 
ducing the  greatest  possible  difference  between  the  ascending 
and  descending  curves.  Such  a  condition  would  seldom  occur, 
except  in  the  conduct  of  workshop  or  laboratory  experiments  on 
dynamos ;  in  the  ordinary  course,  the  field-magnets  become  gradu- 
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ally  excited  as  the  machine  is  set  to  work,  and  then  the  excitation 
is  maintained  fairly  constant  until  on  the  stoppage  of  the  machine 
the  magnetism  dies  away.  Hence  in  the  design  of  dynamos  it  is 
sufficient  to  invariably  use  the  ascending  curve  of  magnetisation  ; 
any  difference,  due  to  the  exciting  power  having  been  differently 
reached,  may  be  neglected,  since  its  only  effect  will  be  to  slightly 
reduce  the  speed  required  to  generate  a  given  voltage. 

There  still  remains  one  point  on  which  our  previous  equation 
requires  to  be  supplemented.  When  a  considerable  current  is 
passing  through  the  armature  of  any  continuous-current  bi-  or 
multi-polar  dynamo,  it  is  necessary  to  move  the  brushes  forward 
through  a  small  angle  in  the  direction  of  rotation  in  order  to  pre- 
vent sparking  at  the  commutator  ;  the  reason  for  this  shifting  of 
the  brushes  will  be  more  fully  explained  in  Chap.  XVII.  Suffice 
it  here  to  say  that  as  the  current  flows  through  the  armature  it 
magnetises  the  iron  core,  and  that  when  the  brushes  are  given  the 
requisite  forward  *  lead '  in  order  to  obviate  sparking,  the  magnetic 
effect  of  the  current  flowing  in  the  belt  of  armature  inductors 
inclosed  within  twice  the  angle  of  lead  (fig.  153)  is  directly  op- 
posed to  the  magnetisation  of  the  core  by  the  ampfere-tums  of  the 
field.  In  fig.  153  those  wires  in  which  the  current,  whether  of  the 
field  or  of  the  armature,  is  directed  towards  the  observer  are 
marked  with  a  dot,  and  those  in  which  the  current  is  away  from 
the  observer  are  shown  crossed ;  and  from  this  figure  it  will  be 
apparent  by  application  of  the  rule  of  the  hand  that  the  current- 
turns  between  kl^  mriy  are  opposed  to  the  current-turns  of  the 
field,  and  tend  to  magnetise  the  circuit  in  exactly  the  reverse  direc- 
tion :  they  are,  in  fact,  *back  amp^re-tums,*  and  the  result  is  that  a 
certain  number  of  extra  ampire-turns  have  to  be  added  to  the  field 
ampere-turns  in  order  to  neutralise  the  demagnetising  effect  of  the 
armature  current.  Let  this  additional  numbersx^;  then  the  com- 
plete equation  for  the  ampbre-turns  required  from  the  field  coils 
must  contain  this  additional  term,  and  thus  becomes 

x=x«+x,4-x*+x«. (17) 

When  the  armature  current  is  very  small,  x»  may  be  regarded 
as  negligible,  but  for  any  but  small  currents  the  appropriate  number 
of  compensating  ampbre- turns  must  be  added,    their   number 
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increasing  as  the  armature  current  and  its  demagnetising  effect 
are  increased 

In  the  case  of  alternators  we  have  shown  that  a  principal  effect 
of  self-induction  is  to  lower  the  resultant  voltage  of  the  armature 
below  the  impressed ;  now  this  statement  is  but  another  method 
of  taking  into  account  the  demagnetising  effect  of  the  armature 
current,  and  if,  therefore,  the  effects  of  self-induction  are  sepa- 
rately considered,  the  term  x^  must  be  omitted  from  the  above 
equation  when  applied  to  the  magnetic  circuits  of  alternators.^ 

The  reason  for  the  insertion  of  x«  in  the  third  place  needs 
further  explanation.  It  has  been  said  that  the  flow  of  leakage  lines 
takes  place  in  the  main  under  the  magnetic  difference  of  potential 
existing  between  the  poles  of  the  dynamo,  and  even  if  this  be  not 
true  of  all  the  leakage,  allowance  can  be  made  for  the  inaccuracy 
involved  in  the  assumption.  Now  before  z^  or  b^  can  be  deter- 
mined, the  amount  of  leakage  t  requires  to  be  estimated.  In  order 
to  do  this,  the  joint  permeance  of  the  leakage  paths  is  calculated  ; 
then  it  is  only  necessary  to  multiply  the  magnetic  difference  of 
potential  at  the  poles  by  this  joint  permeance  to  determine  K- 
The  magnetic  difference  of  potential  between  the  poles  is  equal 
to  1*256  times  the  ampfere-turns  required  to  produce  the  flow 
of  lines  between  the  poles ;  let  these  be  expressed  as  x, ;  then 
^=1*256  X,  xp,  where  p  is  the  joint  permeance  of  the  leakage 
paths.  Thence  z^^z^'\'i:,^  from  which  the  magnet  induction 
B^  and  the  ampbre-turns  required  to  produce  it,  x^  can  be 
determined.' 

Now  x^,  or  the  amp^re-tums  required  to  counterbalance  the 

*  See  Swinburne, /Mi/Yio/  Inst,  EUc.  Eng,  vol.  xx.  part  92.  Of  the  two 
methods  of  viewing  the  armature  reaction  in  alternators,  that  which  considers 
the  term  X5  is  the  more  strictly  correct  in  relation  to  the  design  of  the  magnetic 
circuit,  since  if  the  number  of  lines  required  are  deduced  from  the  impressed, 
and  not  from  the  resultant  E.M.F.,  the  iron  of  the  magnet  is  given  larger  di- 
mensions than  necessary ;  the  difficulty,  however,  of  its  application  renders  it 
unsuitable  for  a  first  treatment  of  alternating  currents. 

'  Cp.  Chap.  III.  p.  36.  The  principle  of  the  above  method  of  treatment 
was  first  definitely  applied  to  the  leakage  of  dynamos  in  1887  by  Mr.  Kapp 
in  his  paper  on  *  The  Predetermination  of  the  Characteristics  of  Dynamos/ 
four.  See,  Tel.  Eng,  vol.  xv.  part  64.  The  whole  paper  and  the  discussion 
whkh  followed  will  be  found  worthy  of  careful  study. 
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back  ampfere-tums  of  the  armature  current,  take  effect  between 
the  poles,  and  consequently  must  be  reckoned  in  when  estimating 
the  difference  of  magnetic  potential  between  the  poles  :  thus 

and 

f=r256  (x^+x^  +  Xj)xp    .    .    .    (i8) 

Our  final  and  complete  equation  for  the  ampfere-tums  of  the  field 
will  thus  take  the  form 

X  =/g-).z,  +-8B,  2^.+x6+/'(y .  i^  .  :   (19) 

Simple  though  this  equation  is  in  its  form,  its  application 
presents  certain  difficulties  which  render  it  well-nigh  impossible 
to  predict  the  ampbre-turns  required  with  absolute  and  complete 
accuracy.  Apart  fi-om  the  somewhat  indefinite  nature  of  the 
leakage  paths,  the  lengths  of  the  paths  in  the  iron  portions  of  the 
magnetic  circuit  can  only  be  calculated  approximately,  a  mean 
having  to  be  struck  between  the  longest  and  the  shortest ;  or, 
again,  the  area  of  cross-section  normal  to  the  lines  of  induction 
may  be  continuously  varying  (as,  for  example,  in  the  pole-piece), 
and  this  in  practical  work  necessitates  a  mean  being  taken  which 
it  requires  considerable  judgment  to  estimate  accurately.  A 
second  source  of  error  is  that  our  calculations  are  based  on  certain 
magnetisation-curves,  yet  the  particular  class  of  iron  used  may  not 
be  exactly  similar  to  that  for  which  a  curve  has  been  obtained ; 
cast  iron  in  particular  varies  considerably  in  its  magnetic  pro- 
perties. Still,  when  tested  experimentally,  a  dynamo  should 
certainly  not  require  to  be  run  at  a  speed  differing  by  more  than 
5  per  cent,  from  the  designed  speed  in  order  to  give  the  designed 
voltage. 

In  order  to  render  the  above  methods  of  calculation  clearer 
by  an  actual  example,  they  will  now  be  applied  to  the  design  of 
an  8-kilowatt  shunt- wound  machine,  giving  an  output  of  62  ampbres 
at  a  pressure  of  130  volts :  the  chief  dimensions  of  the  iron  carcase 
which  forms  the  magnetic  circuit  are  given  in  fig.  135,  from  which 
it  will  be  seen  that  it  is  a  bipolar  overtype  horseshoe  with 
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wrought-iron  limbs  bolted  up  to  a  cast-iron  yoke  in  the  centre  of 
the  bedplate.  The  armature  core  is  9"  in  diameter  x  12"  long, 
and  a  preliminary  estimate  will  lead  us  to  allow  a  loss  of  about 
6  volts  over  the  resistance  of  the  armature,  and  to  determine  upon 


V.jf.4..V^^ 


Fic.  X35.— Typical  s-poie  field. 

234  inductors.    The  speed  is  not  to  exceed  800  revolutions  per 
minute,  and  therefore,  by  the  equation  (11)  of  p.  212, 

Ha=  136  volts=z^  X  234  X  -^  X  io-», 
60 

whence  24=4,359,000,  or,  allowing  a  slight  margin  in  speed,  say 

2^=4,400,000,  at  790  revolutions  per  minute. 
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Taking  the  separate  elements  of  the  magnetic  circuit  in  the 
order  of  our  equation  (19),  we  have 

(i)  The  armature,  requiring  x«  amp^re-tums. 

The  area  of  the  iron  in  the  armature  core  through  which  all 
the  lines  z^  pass  is  twice  the  area  of  the  iron  at  any  one  part,  since 
the  two  halves  of  the  ring  are  in  parallel,  and  half  the  lines  pass 
along  each  of  the  two  paths.  Hence,  if  a  =  the  radial  depth  of 
the  discs  of  which  the  armature  is  built  up,  and  b  =  the  length  of 
the  core  parallel  to  the  shaft,  the  cross-sectional  area  of  the  ring 
is  20^=2  (175  X  12)  sq.  inches.  The  whole  of  this  is,  however, 
not  filled  with  iron,  since  allowance  must  be  made  for  the  insulating 
paper  or  varnish  between  the  separate  thin  discs  of  iron.  About 
13  per  cent,  of  the  space  is  thus  occupied  by  the  insulation,  and 
therefore  the  net  sectional  area  of  iron  in  the  ring  is  2ab  x  '87 
=36-5  sq.  inches,  or  36*5  x  6*45=235  sq.  cm.  The  maximum 
induction  in  the  armature  core  is  thus 

4,400,000^^3    ^^ 
235 

The  mean  length  of  path  in  the  armature,  as  shown  by  the 
dotted  line,  4,  in  fig.  135,  is  about  8^",  or  22  cm. 

By  reference  to  the  wrought-iron  curve  of  fig.  iii,  it  will  be 
seen  that  to  produce  an  induction  of  18,700  lines  per  sq.  cm. 
requires  an  exciting  power  of  over  200  ampbre-turns  per  cm. 
length  of  path.  It  is,  however,  only  over  about  i^\  or  9  cm., 
between  the  polar  tips,  that  the  maximum  density  obtains  :  along 
the  horizontal  diameter,  b^  is  practically  o,  and  midway  between 
these  extremes,  where  b«  =  about  10,000,  the  necessary  exciting 
power  is  only  about  4  ampere-turns  per  cm.  length  of  path.  We 
may  therefore  with  fair  accuracy  regard  the  whole  of  the  exciting 
power  required  by  the  armature  as  expended  in  producing  an 
induction  of  about  8^=  18,000  over  a  path  of  12-5  cm.,  or  a 
length  somewhat  more  than  the  distance  between  the  polar  tips 
c^c^yOxc^c^,  For  such  an  induction /' (3^)  is  155,  and  there- 
fore 

x^  =/'  (b^)  .  4=155  x  12-5=1,940  ampfere-tums. 

Possibly  this  may  prove  a  slight  over-estimate,  since  the  perme- 
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ability  of  well-annealed  charcoal-iron  discs  may  be  superior  to  that 
of  the  wrought  iron  in  the  curve  of  fig.  1 11  ;  but  an  error  here 
will  produce  but  little  error  in  the  total  result 

(2)  The  air-gap,  requiring  x^  amp^re-tums. 

Owing  to  the  spreading  of  the  lines  of  induction  as  they  issue 
out  of  the  polar  face  and  pass  into  the  armature  core,  the  area  ot 
the  air-gap  is  greater  than  the  area  of  the  bored  face  of  the  pole- 
piece.  Not  only  do  lines  pass  in  a  sloping  direction  into  the  core 
from  the  vertical  edges  of  the  *  horns,'  or  extended  tips  of  the 
poles  (fig.  1 16),  but  some  also  curve  round  into  the  armature  from 
the  outer  faces  of  the  pole-pieces  at  the  edge  of  the  bore,  and 
this  is  especially  the  case  when,  as  here,  the  length  of  the 
armature  core  is  slightly  greater  than  the  width  of  the  poles 
parallel  to  it.  A  certain  *  fringe '  must  therefore  be  added  to  the 
area  of  the  polar  face,  all  round  its  perimeter.  From  the  experi- 
ments of  Dr.  Hopkinson,^  the  effective  width  of  this  fringe  may  in 
our  present  case  be  taken  as  equal  to  four-fifths  of  the  distance 
from  iron  of  pole-piece  to  iron  of  armature.  If,  therefore,  d  be  the 
diameter  of  armature  core,  and  Ig  the  length  of  one  air-gap,  the 
length  of  arc  subtending  the  polar  angle  at  the  mean  radius  of  the 
air-gap  is 

and  the  effective  area  of  the  air-gap  is 

(X4--8x2/,)(«e;4--8x2/,), (20) 

where  w  is  the  width  of  the  pole-piece  parallel  to  the  armature 
shaft.  The  actual  area  traversed  by  the  lines  entering  the  armature 
is  even  slightly  larger,  but  the  above  is  the  effective  area  {a^y 
assuming  that  the  density  of  the  lines  over  it  is  reduced  to  a 

uniform  value  of  6^=^,  and  that  all  the  lines  pass  radially  into 

the  core,  traversing  a  minimum  distance  of  air. 

In  the  present  case  the  bore  of  the  pole-pieces  is  9J",  whence, 

»  Vide  Journal  Soc,  Tel,  Eng.  vol.  xv.  part  64,  pp.  561,  565,  566,  and 
Hopkinson*s  reprinted  Original  Papers  an  Dynamo  Machinety^  pp.  95,  137, 
142. 
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the  diameter  of  the  armature  being  9",  /,=t;V'-    The  angle  sub- 
tended by  the  polar  face  is  130°  :  hence 

X=-(9TV')i-g='o-7". 

The  effective  area  of  the  air-gap  is  therefore 

(107  +  7)  (11-25  + 7)  X  6-45=880  sq.  cm., 
and  the  induction  when  averaged  over  the  whole  of  it  is 

4,4oo,ooo_ 
' 885 ^'       ' 

and  Xj='8b^  .  2/g='8  x  5,000  x  2-22=58,880. 

(3)  The  back  amp^re-tums,  x^. 

The  method  by  which  these  are  calculated  will  be  reserved  for 
Chap.  XVII.,  but  for  the  machine  now  under  consideration  they 
may  be  reckoned  at  full  load  as  =580. 
The  result  so  far  is  Xa=  1,940 
x^=8,88o 
X6=    580 
Sum=ii,4oo=Xp, 
or  the  exciting  power  acting  at  the  poles  of  machine. 

The  next  step  necessitates  a  knowledge  of  p,  the  leakage 
permeance  :  for  the  present  this  may  be  taken  as  =  63*8,  the 
method  by  which  this  numerical  value  is  obtained  being  explained 
on  pp.  302-5.     Thence  the  leakage  lines 

C=  i*256  x  1 1,400  X  63-8=913,000 

and  z^^z^Jti^  5>3 1  S.ooo©- 

(4)  The  magnet  limbs,  requiring  x^  ampere-turns. 
The  area  of  the  wrought-iron  limb  is 

5i  X  I  li  X  6*45=  400  sq.  cm., 
and  the  average  induction  in  them  is 

400 

By  reference  to  the  wrought-iron  curve  of  fig.  in,  we  see  that 
when  B^=  13,300,  theampbre-tums  required  are  13  per  cm.  length. 
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or  slightly  less  on  the  descending  curve.  The  length  of  path  in 
each  magnet-core  under  the  exciting  coils  is  loj",  and  at  the  yoke, 
where  the  lines  bend  round  into  the  bedplate,  their  curved  path 
to  the  edge  of  the  wrought  iron  may  be  taken  as  4*3"  long.  Within 
the  pole-piece  the  induction  decreases  slightly,  for  the  passage  of 
the  lines  outwards  is  hardly  counterbalanced  by  any  corresponding 
decrease  in  the  cross- sectional  area  of  the  iron.  Hence  the 
equivalent  length  of  the  mean  path  in  the  pole-piece  may  be  taken 
as  4'^  The  average  length  of  path  within  each  limb  may  there- 
fore be  reckoned  as 

10-25-1- 4*3  + 4=  i8'5^ 
and  the  total  length  within  the  two  as 

185  X  2  X  2*54=94  cm. 
Hence 

Xm=/'  (b»)  •  ^••=13  X  94= 1,220  amp^re-tums. 

(5)  The  yoke,  requiring  x,  amp^re-tums. 

The  area  of  the  cast  iron= 19"  X5i"  x  6*45=643  sq.  cm.  ; 

^"^  B,=5i3i3jOoo=:8,27o, 

043 

whence  from  the  cast-iron  curve  of  fig.  iii, /'(By)=84.  The 
lines  spread  somewhat  in  the  yoke,  and  their  mean  length  of  path 
is  about  16  cm.,  whence 

Xy=84X  16=1,350. 

The  total  excitation  required  is  therefore 

x=ii,4oo+ 1,220-^1,350=13,970,  say  14,000  ampere-turns 

We  have  now  to  return  to  the  question  of  magnetic  leakage,  f , 
and  in  the  first  place  to  the  calculation  of  the  leakage  permeance, 
p,  of  any  dynamo.  In  the  following  pages  the  method  of  Prof. 
Forbes '  is  described  with  slight  modification.  Since  we  have  to 
do  with  a  large  number  of  paths,  which  are  assumed  to  be  all  in 
parallel  with  one  another,  it  is  simplest  to  deal  with  their  per- 
meances, for  these  can  be  immediately  added  together  to  discover 
the  joint  permeance  of  the  leakage  paths.    The  lines  are  assumed 

*  foumal  Soe.  TiL  Eng.  vol.  xv.  part  64,  p.  555. 
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to  follow  certain  directions  in  the  air  according  to  the  situations 
and  distances  of  the  two  surfaces  between  which  they  flow,  and 
to  meet  these  different  cases  three  general  propositions  are,  as  a 
rule,  sufficient. 

(i)  In    the    case    of   two 
'     parallel  surfaces  facing  each 
other,    the    areas    of   which 
are  approxiniately  equal,  the 
lines  of  induction  may  all  be 
—         assumed  to  pass  straight  across 
^'°'  '^^  from  the  one  surface  to  the 

other,  and  the  permeance  of  the  air-gap  between  the  two  sur&ces 
is  then  equal  to  the  mean  of  their  areas  divided  by  their  perpendi- 
cular distance  apart  (fig.  136) ;  or 

^^^(A|+A,) ^2j^ 

(11)  In  the  case  of  two  equal  rectangular  surfaces  situated  near 
each  other  in  the  same  plane,  with  their  neighbouring  edges 
parallel,  the  lines  of  induction  may  be  assumed  to  be  semicircles 
described  about  a  central  line  drawn  between  the  two  sur&ces ; 
the  permeance  of  the  air-path  from  one  to  the  other  is  then 


p=-j^% (") 


where  rj  and  r^  are  respectively  the  distances  from  the  central 
line  to  the  nearest  and  farthest  edges  of  either  rectangle,  and  a  is 
the  depth  of  each  rectangle  at  right  angles  to  r,  i.e.  along  the 
parallel  edge  (fig.  137). 

(in)  In  the  case  of  two  equal  rectangular  surfaces  situated 
similarly  in  one  plane,  but  at  some  distance  apart,  the  lines  of 
induction  may  be  assumed  to  be  quadrants  connected  by  straight 
lines,  the  quadrants  being  described  from  the  neighbouring  edges 
of  the  rectangles  as  lines  of  centres :  the  permeance  of  the  air 
between  the  two  surfaces  is  then 

/=fiog.J:^ (.3) 
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where  a  is  again  the  depth  of  each  rectangle,  w  its  width,  and  b  is 
their  distance  apart  (fig.  138). 

To  these  may  be  added  other  extensions  of  the  same  prin- 
ciples, but  in  general  the  three  main  propositions  above  considered 
will  meet  the  most  common  cases,  or  in  default  of  any  other 
guidance  it  must  suffice  to  map  out  a  probable  course  for  the 
leakage  on  the  above  lines,  and  thence  by  scaling  the  mean 
areas  of  the  two  surfaces  and  the  mean  length  of  path  between 

them  to  deduce  the  permeance  ss^H??—. 
^  length 

It  must  be  remembered  that  in  all  the  foregoing  equations 

the  dimensions  are  in  centimetres  and  the  logarithms  are  to  the 


Fig.  X37. 


Fig.  138. 


Napierian  base  c :  hence,  for  the  benefit  of  English  dynamo- 
designers,  it  may  be  useful  to  give  the  equivalent  equations  when  the 
dimensions  are  in  inches,  and  the  areas  in  square  inches  :  they  are 


(l);?=2-54 


i(Ai^^-hA,^-),r27(V+A,^0 


V' 


"F" 


(21) 


(,,);,=^J54^^og,o^;x2-3=r86xa''xlo^  .     (22) 


(III)  p=r86  x«"  xlog.o-!^^^^ 


(«3) 


We  are  now  in  a  position  to  calculate  the  leakage  permeance 
of  our  dynamo  (fig.  135),  taking  the  permeance  of  the  several 
paths  in  succession,  and  assuming  them  to  be  approximately  as 
shown  in  fig.  133. 

(i)  Between  the  flat  tops  of  the  pole-pieces,  a,  and  Aj,  taking 
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the  paths  by  proposition  in.  as  partly  quadrants  and  partly  straight 
lines, 

A  =  r86 X 11-25 xlog.o  '^3-375+4-ia5, 
=  11-6. 

(2)  Between  the  sloping  surfaces,  B]  Bj,  at  the  top  of  the  pole- 
pieces,  by  proposition  in.,  the  mean  direct  distance  between  the 
two  being  14",  but  the  lines  curving  round  in  a  zone  outside  the 
lines  of  region  (i). 

/a=i-86  X 11-25  xlog  ^1211+14 

14 

=S-85- 

This  may  be  roughly  checked  by  directly  scaling  the  mean 

length  of  the  supposed  path  and  dividing  it  into  the  area  of  either 

surface  in  centimetre  measure,  thus  : 

(3)  Between  the  neighbouring  edges  of  the  opposing  polar 
tips,  r,  and  c^  and  the  corresponding  surfaces,  c^  and  ^4,  below 
the  armature.     By  rule  i.  the  permeance  between  c^  and  c^  will  be 

and  the  joint  permeance  of  the  two  paths  is  therefore /s  =  87. 

Many  of  the  lines  which  issue  from  the  extreme  edge  of  the 
polar  projections  converge  upon  the  armature  core,  and  are  there- 
fore not  to  be  reckoned  as  lost  by  leakage  ;  but  when  the  leakage 
across  between  the  lower  surfaces  of  the  horns  c^  and  c^  is  taken 
into  account,  the  permeance,  as  calculated  above,  may  be  regarded 
as  sufficiently  accurate. 

(4)  Between  the  sides  of  the  pole-pieces,  Dj  and  d^,  and  the 
corresponding  surfaces  at  the  further  end  of  the  magnet.  Each 
surface  may  be  treated  approximately  as  a  rectangle  3I"  wide 
X  10"  deep,  the  two  being  separated  by  a  mean  direct  distance  of  9". 
Therefore,  by  proposition  in.,  the  permeance  between  the  one  pair 
D]  and  D3  is 

1-86  X 10 X log ^^3-375  +  9  ^  5.3, 
9 
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and  therefore  the  joint  permeance  on  both  sides  of  the  magnet 

is/4=  12*6. 

(5)  From  the  back  of  the  pole-pieces  into  the  yoke,  i.e.  from 
El  to  Fi,  and  E)  to  f,.  The  surfaces  e^  and  f^  may  be  regarded 
as  approximately  of  equal  area,  and  the  paths  followed  by  the 
lines  may  be  taken  as  quadrants  joined  by  straight  lines  ;  hence, 
by  proposition  in.,  the  permeance  between  Ej  and  f,  or 

/a  =  1-86  X 11-25  X  log  ^^7+1025  ^ 

10-25 

Now  the  magnetic  difference  of  potential  between  the  two 
surfaces,  Bi  and  Fj,  is  approximately  half  that  existing  between 
the  pole-pieces,  for  the  yoke  may  be  regarded  as  at  zero  potential, 
and  the  limbs  as  gradually  increasing  in  potential  to  a  positive  and 
negative  maximum  respectively,  as  we  proceed  from  the  yoke  to 
the  poles.  The  lines,  therefore,  which  flow  through  each  limb, 
due  to  the  leakage  now  under  consideration,  are 

{5=r256^x/5. 

If,  therefore, /ft  be  calculated  as  above,  and  we  wish  to  express 
the  leakage  on  the  assumption  that  it  is  all  due  to  the  difference 
of  magnetic  potential  at  the  poles,  the  value  p^  must  be  halved 
before  it  can  be  regarded  as  in  parallel  with  the  preceding  per- 
meances ;  when  so  halved  it  may  be  directly  added  to  them, 
and,  therefore,  for  our  purpose  it  will  be  necessary  to  take  the 

value  cl=  5-2. 
2       ^ 

(6)  From  limb  to  limb.  This  leakage  is  divisible  into  two 
portions  :  (i)  straight  across  from  the  inside  of  the  one  limb  to 
the  inside  of  the  other,  i.e.  from  g,  to  g^  ;  and  (ii),  in  curves  from 
the  neighbouring  sides  of  the  magnets,  i.e.  from  h,  to  h^,  and 
between  the  corresponding  surfaces  at  the  further  end  of  the 
magnet. 

The  permeance  of  path  (i)  is 

5  25 
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and  the  joint  permeances  of  path  (ii)  is 

1-86 X 1025 X  log'^^^'S  +  S'gSx 2  =  24, 
S'25 
whence  we  obtain /«  =  80.' 

Now  the  leakage  along  these  paths  from  limb  to  limb  takes 
place  under  varying  differences  of  potential,  as  we  pass  from  the 
yoke  to  the  pole-pieces ;  the  magneto-motive  forces  of  the  ampfere- 
tums  are  uniformly  distributed  along  the  two  limbs,  but  the  differ- 
ence of  magnetic  potential  between  the  two  limbs  being  the  gradually 
increasing  sum  of  these  forces,  less  the  fall  of  potential  over  the 
iron,  rapidly  rises  in  value  as  we  proceed  from  the  zero  potential 
of  the  yoke  towards  either  pole-piece.  Approximately,  it  may  be 
assumed  that  the  average  difference  of  potential  acting  between 
the  two  limbs  is  about  half  the  maximum  difference  of  potential, 

i.e.  =  1*256^.    Let  {g^the  actual  number  of  lines  that  leak 
2 

across  under  this  average  difference  of  magnetic  potential ;  then 
{6=1-256^. A. 

Now  these  lines  are  distributed  over  the  space  between  the  limbs, 
and  do  not  all  pass  through  the  entire  length  of  limbs  and  yoke ; 
the  total  number  of  lines  carried  by  the  limbs  is,  in  fact,  continually 
varying  along  their  length,  as  lines  leak  out  of  or  into  them.  But 
our  object  is  to  determine  a  mean  value  for  the  number  of  lines 
carried  by  the  iron  ;  thence  we  kim  at  obtaining  a  corresponding 
mean  value  of  the  induction  b„,  so  as  to  deduce  the  number  of 
ampere-turns  required  for  the  field-magnet.  If,  therefore,  {g  lines 
be  regarded  as  flowing  through  the  entire  length  of  the  limbs, 
the  induction  will  be  over-estimated  for  part  of  their  length.  We 
may,  however,  assume  without  much  error  that  within  the  limits 
z«  =  z«+{,  +  . . .  +(;5+{6  and  z^  =  z^+{,  +  . . .  -  ig  the  number 
of  ampbre-turns  required  by  the  magnet  will  closely  correspond  to 

a  mean  number  of  lines,  z^+f,  +  . . .  +  ^*.    The  question,  there- 

2 

'  In  the  case  of  round  magnet-cores,  or  limbs,  placed  side  by  side,  as  in 
fig.  124,  the  permeance  between  them  may  be  calculated  by  means  of  a 
method  due  to  Professor  S.  P.  Thompson,  and  set  forth  in  his  Cantor  Lectures 
on  the  Electro-magnet  before  the  Society  of  Arts,  Lecture  II.,  reprinted  in 
the  Electrical  En^ineer^  November  21,  1890. 
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fore,  is,  what  permeance  will  give  ^  lines  when  a  magnetic 

2 

difference  of  potential  of  1*256  Xp  acts  over  it,  and  this  is 

evidently  ^*=  20. 

All  the  permeances  have  now  been  reduced  to  such  values 
as  may  be  regarded  as  in  parallel  with  the  armature  and  air-gaps, 
and  may  therefore  be  immediately  added  together ;  and  our  final 
result  is  that  the  joint  permeance 

P=/l+/a+/3+/4  +  ^+^       ....      (24) 
2      4 

a=II-6  + 57  + 87 +  I2-6  +  5-2  + 20=63-8, 

and  the  average  number  of  lines  passing  through  the  entire  length 
of  the  magnet  is  z«+  4f,  where,  as  on  p.  298, 

{=1-256  XpXP 

In  addition  to  the  several  paths  already  considered,  there  are 
others  which  would  have  to  be  taken  into  account  if  greater 
exactitude  were  required,  such,  for  instance,  as  from  the  pole-pieces 
to  the  bearings  and  their  supporting  pedestals  on  either  side  of 
the  magnet  Again,  the  surfaces  already  taken  into  account  may 
be  paired  differently  ;  for  example,  we  might  calculate  the  perme- 
ance between  a,  and  B2,  or  between  B2  and  Fj  ;  but  if  this  be 
done,  it  would  be  incorrect  to  add  the  several  permeances  together, 
since  they  are  not  all  in  parallel.  In  their  actual  distribution  the 
lines  of  induction  never  cross  one  another  or  intersect ;  further, 
if  two  sets  of  lines  are  regarded  as  traversing  the  same  air-space  for 
a  part  of  their  course,  e^.  leakage  from  a,  to  Aj,  and  leakage  from 
A]  to  Bj,  the  fall  of  magnetic  potential  over  ths^t  part  of  their 
course  which  is  common  to  both  must  correspond  to  their  joint 
density,  and  not  to  that  of  either  set  taken  separately.  Hence  the 
addition  of  fresh  paths  would  involve  a  distribution  of  the  lines 
different  from  that  assumed  in  our  first  approximation  and  a  re- 
calculation of  their  amount,  and  such  rearrangement  might  result 
in  a  slightly  higher  value  for  the  leakage  permeance.  Still,  if  the 
leakage  field  be  regarded  as  distributed  mainly  after  the  fashion 
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indicated  above,  a  close  approximation  may  be  made  to  the 
amp^re-tums  actually  found  to  be  required  by  the  fidd-magnet 
when  the  machine  is  tested.  A  certain  amount  of  judgment  is 
required  in  the  first  instance  in  selecting  the  direction  of  the 
several  paths,  none  of  which  intersect ;  but  to  guide  us  in  this 
actual  experiment  may  be  called  to  our  aid,  if  a  machine  with  the 
required  type  of  field-magnet  is  at  hand.* 

A  partial  compensation  for  the  difficulty  of  accurately  deter- 
mining the  somewhat  vague  and  indefinite  factor,  p,  lies  in  the 
fact  that  a  considerable  percentage  error  in  its  determination 
produces,  under  ordinary  conditions,  but  a  small  percentage  of 
error  in  the  total  number  of  ampfere-tums  required  to  produce  the 
usefiil  field  through  the  armature;  for  this  total  number  of 
amp^re-tums  is  the  sum  of  those  required  for  the  armature  and 
air-gaps  and  those  required  for  the  magnet,  and  an  error  in  our 
estimate  of  p  only  affects  the  latter.  Evidently,  the  smaller  the 
proportion  which  the  amp^re-tums  required  for  the  magnet  form 
of  the  total  number,  the  less  will  an  error  in  their  determination 
affect  the  whole.  Hence  the  percentage  of  error  thus  introduced 
will  depend  on  the  relative  amount  of  x^  as  compared  with  the 
total  X,  and  will  be  greater  in  the  case  of  a  magnet  which  has  a 
greater  length  of  circuit  or  is  worked  with  a  higher  induction. 
But,  further,  it  will  in  especial  depend  upon  the  degree  of  satura- 
tion of  the  field-magnet,  since  the  higher  the  induction  the  greater 
is  the  difference  between  the  ampire-turns  required  to  drive 
the  supposed  and  the  actual  number  of  lines  z^  through  the 
magnet* 

If  the  value  of  p  for  a  particular  machine  of  a  given  type  has 
once  been  determined  by  calculation,  and  checked  by  experiment, 
certain  further  conclusions  may  be  drawn  applicable  to  other 
machines  of  the  same  type,  but  differing  in  their  dimensions.  If 
the  linear  dimensions  of  one  machine  were  simply  magnified  n 
times  in  the  design  of  another,  the  new  value  for  p  would  be 
n  times  its  former  value ;  the  lengths  of  the  leakage  paths  would  be 

'  For  such  actual  experiments,  vide  Journal  Inst.  Elect,  Eng,  vol.  xix. 
part  86,  pp.  244-246  (Trotter). 

■  Vide  Esson,  <Some  Points  in  Dynamo  and  Motor  Design, '/^f#ryi«  Inst, 
Elecf,  Eng.  vol.  xix.  part  85,  p.  123. 
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increased  n  times,  but  their  cross-sections  would  be  increased 
If*  times.  More  often,  however,  the  ratio  of  the  two  chief  dimen- 
sions of  the  dynamo,  viz.  the  diameter  and  length  of  the  armature 
core,  is  altered,  and  this  involves  a  more  detailed  consideration  of 
the  way  in  which  the  leakage  permeances  are  affected  by  any  change 
in  these  dimensions.  The  most  important  principle  must  be  the 
fact  that  an  increased  or  reduced  length  of  armature  core  involves 
no  further  alteration  than  an  equal  increase  or  reduction  in  the 
width  of  the  magnet  parallel  to  the  armature,  while,  on  the  other 
hand,  a  change  in  the  diameter  of  the  armature  usually  involves  a 
more  or  less  proportionate  change  in  the  depth  and  length  of  the 
magnet  limb^  for  the  alteration  in  the  area  of  iron  in  the  armature 
necessitates  an  alteration  of  the  area  of  iron  in  the  magnet,  and 
also  of  the  length  of  the  exciting  coils.  Now,  considering  the 
various  leakage  paths  of  the  dynamo  above  discussed,  it  will  be 
found  that  the  permeances  between  Ai  and  As,  Bj  and  63,  £1  and 
F),  Gi  and  G9,  are  almost  solely  dependent  on  the  length  of  the 
armature,  and  vary  directly  with  it ;  for  if  its  diameter  alone  be 
altered,  the  length  between  them  is  increased,  but  so  also  to  the 
same  extent  is  one  of  the  two  dimensions  which  go  to  make  up 
their  area.  On  the  other  hand,  the  permeances  between  Dj  and 
D2,  or  Hi  and  h,,  are  almost  solely  dependent  on  the  diameter, 
being  unaffected  by  any  change  in  the  length  of  the  armature  ; 
and,  further,  they  vary  directly  as  the  diameter  of  the  armature, 
for  although  an  increase  in  the  diameter  lengthens  their  paths,  it 
increases  both  dimensions  of  their  cross-section.  Lastiy,  the 
permeance  between  the  edges  c^  and  c%  of  the  pole-pieces  varies 
directly  as  the  length  of  armature  and  inversely  as  the  diameter, 
for,  with  an  increased  diameter,  the  width  of  the  gap  between  the 
pole-pieces  would  be  increased,  but  the  vertical  depth  of  the 
edges  would  be  scarcely  altered.  Hence  an  approinmate  formula 
for  the  total  leakage  permeance  would  take  some  such  form  as 

p  =  A,  L  -I-  A;^  D  -I-  ^3  -,  where  k^^k^y  k^  are  suitable  constants  for 

the  particular  type  of  machine.  By  this  differentiation  of  the 
leakage  permeances  it  is  possible  to  judge  of  the  relative  effect  of 
any  alteration  in  the  diameter  or  length  of  armature,  and  by  the 
substitution  of  the  new  values  of  l  and  d   to  approximate  to  Uie 

XX 
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resulting  permeance  of  the  new  dynamo.  In  the  case  of  the  ring 
overtype  dynamo,  proportioned  somewhat  after  the  fashion  of 
^&  1 35)  o^  previous  calculations  will  lead  us  to  the  approximate 
formula 

p=3L"  +  2d"  +  7^', (25) 

where  l"  and  d"  are  in  inches  ;  and  from  this  it  will  be  seen  that 
an  increase  in  the  length  of  the  armature  produces  a  considerably 
greater  increase  in  the  leakage  permeance  than  the  same  increase 

in  the  diameter.  If  the  ratio  -  =  1-33,  as  in  our  case,  over  one- 
half  of  the  leakage  takes  place  from  surfaces  the  permeances  ot 
which  are  solely  affected  by  the  length  of  the  armature,  over  one- 
quarter  will  be  affected  by  a  change  in  the  diameter,  and  the 
remainder  is  affected  by  a  change  in  either  dimension. 

In  the  case  of  a  similar  overtype  dynamo  with  drum-armature, 
for  a  given  diameter  of  core,  the  depth  of  iron  will  be  greater  than 
in  the  ring  ;  hence  the  depth  of  the  magnet  will  be  greater,  the 
second  term  which  has  to  do  with  leakage  between  the  outside 
faces,  D|  and  d^,  h^  and  h^,  will  acquire  greater  prominence,  and 
k^  must  be  increased.  The  equation  will  now  take  some  such 
form  as 

P=3-2SL"  +  2-5D''  +  7i^,,     ....     (26) 

and  in  general  the  relative  importance  of  the  two  dimensions 
depends  on  the  thickness  and  length  of  magnet  which  suits  a  given 
design  of  armature. 

The  leakage  of  undertype  dynamos  is  so  largely  dependent  on 
the  exact  method  by  whiclx  they  are  supported  on  the  bedplate, 
and  the  shortest  distance  between  the  iron  of  the  bedplate  and 
the  iron  of  the  magnet,  that  it  is  more  difficult  to  give  even 
approximate  values  for  the  constants  k^  k^  and  ^3.  Roughly,  it 
may  be  said  that  the  leakage  permeance  varies  between  p=s4L" 

-1-2d"  +  8-- andp=SL"  +  3D"4-8^, :  in  both  cases  the  normal 

distance  between  the  bedplate  and  magnet  has  been  taken  at 
about  8-9  times  the  air-gap  on  one  side  between  armature  and 
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pole-piece,  but  in  the  former  case  no  sheet  of  metal  runs  under 
the  pole-pieces  ;  in  fact,  a  continuous  stretch  of  iron  lying  under 
the  pole-pieces  should,  as  far  as  possible,  be  avoided,  or  broken 
up  by  a  large  central  air-gap,  so  as  to  force  the  lines  to  pass 
round  through  a  considerable  length  of  cast  iron. 

The  above  equations  will,  however,  serve  to  show  the  varying 
importance  which  must  be  attached  to  the  two  dimensions  l  and  d 
in  different  types,  and  from  the  form  in  which  they  are  cast  they 
are  better  adapted  to  prevent  us  from  being  misled  when  any 
radical  alteration  of  dimensions  is  made  than  other  and  simpler 
equations  which  have  been  from  time  to  time  proposed. 

Since  the  leakage  permeance  of  any  given  dynamo  is  almost 
entirely  due  to  the  air-spaces  between  certain  surfaces,  its  value 
is  practically  a  constant  quantity  for  that  dynamo,  and  inde- 
pendent of  the  actual  amount  of  leakage.  Now,  since  the 
difference  of  magnetic  potential  between  the  poles  of  the  dynamo 
increases  as  the  number  of  useful  lines  through  its  armature  is 
increased,  it  is  evident  that  the  leakage  {  will  also  continuously 
increase  as  z«  is  increased ;  and,  further,  will  increase  faster  than 
z«;  for  as  the  armature  core  becomes  more  and  more  highly 
saturated,  an  increase  in  the  amp^re-tums  expended  over  the 
armature  will  produce  less  and  less  increase  in  the  lines  through 
it,  while  the  leakage  still  continues  to  increase  directly  as  the 
difference  of  magnetic  potential  between  the  poles.  Hence  the 
proportion  which  the  leakage  lines  bear  either  to  the  useful  or  to 
the  total  number  of  lines  through  the  magnet  will  continuously 
increase,  and  for  each  d^;ree  of  magnetisation  of  the  dynamo 

^±1^  or  — "*  will  have  a  different  value.    In  the  case  of  the  ring 

overtype  dynamo  above  considered,  z^  =  i'2i*a  when  it  is 
magnetised  as  it  would  be  under  ordinary  working  conditions,  so 
as  to  obtain  an  induction  of  about  18,000  in  the  armature  core  ;  in 
other  words,  the  leakage  is  about  21  per  cent,  of  the  useful  lines, 
or  17  per  cent,  of  the  total  flux.  Strictly  speaking,  the  factor 
by  which  the  useful  lines  through  the  armature  must  be  multiplied 
in  order  to  obtain  the  greater  number  of  lines  flowing  through  any 
other  part  of  the  circuit  will  vary  all  along  the  length  of  the  magnet, 
as  lines  leak  into  or  out  of  it.   With  sufficient  accuracy,  however,  we 
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may  assume  the  flux  of  lines  to  be  constant  over  each  of  our  main 
subdivisions  of  the  magnetic  circuit,  so  that  Zf^^v^Zan  z^^v^ay 
Zj^^Vj^La ;  the  different  parts  of  the  magnet  are  denoted  by  the 
subscript  letters  as  before,  and  each  part  has  its  appropriate  factor, 
Vy  greater  than  unity.  Our  fundamental  equation  for  the  ampfere- 
tums  of  a  simple  magnetic  circuit  may  now  be  expressed  as 

x=/(^;)./.+  -8!!^..=/,+  :,.+/(^).4 

+/(»).w("^-)-^ 

and  such  was,  in  principle,  the  original  form  of  the  equation  as  first 
published  by  Drs.  J.  and  £.  Hopkinson  in  their  classical  paper 
on  DynatnO'tUctrk  Machinery ,'^  Having  established  the  theo- 
retical equation,  they  further  measured  experimentally  the 
number  of  stray  lines  of  induction  that  leak  through  different 
portions  of  the  air-space  about  the  field-magnets  of  two  dynamos 
of  different  types,  each  of  which  was  excited  with  its  normal 
magnetising  current.  Thence  they  were  enabled  to  deduce  the 
value  which  the  factors  v^,  Vp^  &c.  have  for  the  given  dynamos 
when  magnetised  to  their  working  degree  of  saturation. 

The  first  factor  v^  requires  further  explanation.  It  has  been 
said  that,  owing  to  the  difference  of  magne^c  potential  which 
exists  between  opposite  sides  of  an  armature  under  the  two  pole- 
pieces,  a  certain  number  of  lines  pass  diametrically  across  the 
interior  of  the  armature  through  the  shaft  without  passing  round 
through  the  core  between  the  two  pole-pieces ;  hence,  if  z.  be 
reckoned  as  the  number  of  lines  actually  flowing  round  through 
the  two  halves  of  the  core,  and  passing  through  sections  of  the 
core  taken  mid>^ay  between  the  pole-pieces,  the  number  of  lines 
flowing  through  the  air>gaps  must  be  greater  than  z« ;  for  the 
additional  lines  passing  diametrically  across  the  shaft  must  have 
passed  through  the  air-gaps,  and  must,  therefore,  be  taken  into 

'  Phil,  Trans,  1 886,  part  i.  p.  331,  reprinted  in  Original  Papers  on 
Dynamo  Machinery^  pp.  79-133.  This  important  paper  may  be  said  to 
have  first  laid  down  a  sure  groundwork  of  theory  for  the  scientific  design  of 
dynamos,  and  raised  it  from  the  level  of  empirical  *  rules-of-thumb.'  A  study 
of  it  is  essential  to  every  student. 
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account    This  is  effected  when  z^  is  multiplied  by  the  factor  v^ 

In  the  case  of  drum  armatures  it  is  unnec^sary  to  introduce  this 

factor,  owing  to  the  lower  induction  which  is  usual  in  them  and 

the  absence  of  internal  wires  ;  but  in  rings  strongly  magnetised, 

the  lines  across  their  interior  may  become  of  sufficient  importance 

to  warrant  their  being  taken  into  account  as  they  are  cut  by  the 

internal  wires.    Thus,  in  the  ring  armature  tested  by  the  Drs. 

Hopkinson,  which  was  magnetised  to  a  very  high  induction  at 

the  part  of  maximum   density,  the  internal   leakage  was  then 

found  to  amount  to  as  much    as  5  per  cent   of   the    lines 

through  the  armature,  or  tr^=i*o5.    The  dynamo,  upon  the  ring 

armature  of  which  the  above  experiment  was  carried  out,  was  of 

the  '  Manchester'  double-magnet  type  (fig.  125),  and  it  was  found 

that  the  number  of  lines  flowing  through  a  s^tion  of  the  upper 

pole-piece  near  the  magnet  core,  when  expressed  in  terms  of  z^ 

z  z 

wasss  1*13  -^9  and  through  the  lower  pole-piece  1*24  -^,thedif- 
2  2 

ference  between  the  two  being  due  to  leakage  from  the  magnet- 
cores  into  the  bearings,  which  were  supported  on  extensions  from 
the  lower  cast-iron  pole-piece.  The  greatest  number  of  lines  flow 
through  a  section  at  the  centre  of  each  magnet-core,  the  value 
gradually  decreasing  from  this  point  up  to  their  ends  ;  the  mean 

number  of  lines  flowing  through  either  magnet  was  1*49  -*,  or»„ 

=  i'49.  In  designing  the  field-magnet,  it  is  this  latter  factor 
which  is  in  reality  the  most  useful  to  us,  since  we  wish  to  obtain 
some  mean  value  of  z^  whence  we  may  calculate  the  ampbre-tums 
required  to  overcome  the  reluctance  of  the  magnet,  assuming  that 
that  number  pass  through  the  entire  length  of  the  magnet  core. 
Thus,  in  the  above  case  of  the  *  Manchester '  doubIB4nagnet  field,  if 
we  require  z^  lines  through  the  armature,  49  per  cent,  more  lines 
must  be  allowed  for  in  calculating  the  area  and  amp^re-tums  re- 
quired for  the  magnet-cores,  since  out  of  the  total  number  of  lines 
through  them  only  about  two-thirds  pass  through  the  armature 
core  as  well.  Again,  in  the  case  of  the  undertype  £dison-Hop- 
kinson  machine,  with  drum  armature,  which  was  also  examined 
by  Drs.  J.  and  £.  Hopkinson,  it  was  found  that  out  of  100  lines 
passing  through  the  cross-section  of  each  magnet-  limb  at  the 
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middle  of  its  length,  only  about  75  reach  the  armature  core,  or 
«f^=i-32.  Out  of  thjif  observed  loss  of  25  per  cent,  nearly  half, 
or  II  per  cent.,  was  due  to  leakage  through  the  zinc  base  into  the 
cast-iron  bedplate  which  stretched  directly  across  below  the  pole- 
pieces  ;  the  leakage  between  the  limbs  and  between  the  upper 
edges  of  the  pole-pieces  was  8-3  per  cent,  the  remainder  being 
accounted  for  by  leakage  between  the  lower  edges  of  the  pole- 
pieces,  from  their  sides,  and  from  their  backs  into  the  yoke. 

In  most  cases  we  may  without  much  error  assume  die  different 
factors  for  the  different  parts  of  the  magnet  to  be  identical,  and 
reckon  the  number  of  lines  through  any  part  of  it  to  be  Zm=vz<,> 
where  er  may  be  called  the  leakage  coefficient '  of  the  dynamo. 
The  values  of  v  and  the  percentage  distribution  of  the  leakage  for 
several  types  of  dyni^mos  have  been  experimentally  determined  and 
recorded  by  different  observers  ;  *  but,  unfortunately,  little  or  no 
information  has  at  the  same  time  been  given  of  the  degree  of  satu- 
ration of  the  armature  and  magnet,  beyond  the  fact  that  they  were 
magnetised  to  their  normal  working  extent 

Such  recorded  values  of  v  may  be  used  for  the  purpose  of 
approximately  calculating  the  area  and  amp^re-tums  required  by 
the  field-magnet  Thus  the  usually  adopted  value  of  v  for  the 
2-pole  overtype  dynamo  of  fig.  2,  with  cast-iron  pedestals  on 
either  side  of  the  magnet,  is  about  1*25,  which  agrees  closely  with 
our  previous  calculation  as  to  the  amount  of  leakage  when 
normally  excited  with  14,000  ampere-turns ;  and  for  the  similar 
undertype  of  fig.  123,  «r=  from  1-3  to  i'35.  For  the  Manchester 
field  of  fig.  125,  with  the  armature  supported  on  cast-iron  exten- 
sions from  the  lower  pole-piece,  v  was,  as  stated  above,  ssi'49. 
In  almost  all  multipolar  dynamos,  v  is  comparatively  high,  and 
for  figs.  129  aiaai^  74  may  be  taken  at  from  1*4  to  1*5  ;  and  in  the 
case  of  an  alternator  of  the  type  shown  in  fig.  75,  without  iron 
in  its  armature,  v  has  been  found  to  be  as  high  as  2  ;  in  other 
words,  only  half  the  total  flux  passed  through  the  armature,  the 

*  Vide  Esson,  *  Some  Points  in  Dynamo  and  Motor  Design,* /ouma/ /nsf. 
Eke.  Eng,  vol.  xix.  part  85  ;  '  Magnetic  Leakage  in  Dynamos  and  Motors  * 
(Ives),  reprinted  in  the  Electrical  Review,  January  22  and  29,  1892 ;  and 
<  Magnetic  Data  of  Sprague  Motor '  (Parshall),  EUc,  Eng,  June  13,  1890 ;  also 
(Puflfer)  Electrical  Review,  April  15,  1892. 
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remaining  half  leaking  directly  across  fix>m  one  pole  to  the  neigh- 
bouring pole  on  either  side  without  being  cut  by  the  rotating 
inductors.  Implicit  reliance  cannot,  however,  be  placed  on  any 
such  values  of  v.  As  already  mentioned,  it  varies  decisively  if 
the  degree  of  saturation  be  considerably  varied,  and  since  this  is 
so,  it  varies  with  different  values  of  the  '  back  amp^re-tums,'  i.e. 
with  different  values  of  the  armature  current,  even  though  the 
total  number  of  amp^re-tums  on  the  field  remains  unchanged ; 
for  the  armature  current  directly  affects  the  d^ee  of  saturation  of 
the  core.     On  this  account  the  first  method  of  obtaining  the 

ampire-tums,  which  involves  a  term  f=:-it^±^xp,  is  decidedly 

'o 

preferred  by  the  authors  to  the  second  form,  which  contains  the 
foctor  9.  In  default  of  such  experimental  determination  of  the 
values  which  it  takes  (as  was,  in  fact,  made  by  the  Drs.  Hopkinson 
before  they  put  into  use  their  original  equation),  we  are  more  liable 
to  be  misled  by  false  values  of  v  than  by  errors  in  determining  p. 
The  somewhat  laborious  task  of  determining  p,  even  if  it  be,  at 
best,  only  an  approximation,  is  thus  very  strongly  to  be  recom- 
mended, especially  in  the  case  of  the  adoption  of  a  new  type  of 
field-magnet. 

Finally,  it  may  be  remarked  that  in  all  bi-  or  multi-polar 
machines,  and  to  a  much  less  d^ee  in  all  unipolar  machines, 
a  certain  amount  of  leakage  is  an  inevitable  necessity,  and,  so 
long  as  it  be  kept  within  due  limits,  is  but  a  small  evil.  If  the 
energy  required  to  magnetise  a  dynamo  is  from  3  to  5  per  cent,  of 
its  output,  as  it  is  in  most  modern  dynamos,  magnetic  leakage 
cannot  very  greatly  affect  the  efficiency  and  cost  of  working,  for  a 
supposed  complete  absence  of  leakage  would  but  slightly  decrease 
this  percentage  ;  and  the  practical  endeavour  to  reduce  it  appre- 
ciably may  reduce  the  weight  of  iron  and  wire,  but  can  only  lead 
to  a  considerably  increased  first  cost  of  the  machine,  owing  to  a 
too  lavish  use  of  non-magnetic  materials,  such  as  gun-metal. 

In  dealing  with  the  divided  magnetic  circuits  of  double  horse- 
shoe fields  (figs.  125  and  126),  it  is  simplest  to  calculate  the 
amp^re-tums  that  must  be  placed  on  one  of  the  two  horseshoes, 
since  the  amp^re-tums  on  the  other  must  be  precisely  alike,  z^ 
being,  as  before,  the  number  of  lines  that  leave  or  enter  one  polai 
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surface,  the  magnetising  coils  on  one  horseshoe  must  furnish 
sufficient  exciting  power  to  cause  half  that  number  to  pass  into 
and  out  of  one  side  of  the  armature  through  two  air-gaps,  each  ot 
which  has  an  area  half  that  of  the  entire  air-gap.  We  arrive,  there- 
fore, at  the  same  inductions,  b^,  b^  whether  we  consider  the  entire 
number  of  lines,  z^  passing  through  the  areas  of  the  air-gaps  and 
armature  as  a  whole,  or  half  that  number  passing  through  half 
those  areas.  Let  f  =the  number  of  leakage  lines  for  each  magnet- 
core,  and  a^^  its  area ;  then 

x=/(|)./.+-8^.2/,+x»+//r^.4j  .  (27) 

and  this  number  of  ampere-turns  must  be  placed  on  each  horseshoe. 
The  case  of  fig.  127  is  exactly  similar ;  two  opposite  poles  are 
reckoned  as  one  polar  surface,  out  of  which,  or  into  which,  flow 
Za  lines  as  required  by  equation  (11)  of  p.  212,  and  these  z«  lines 
within  the  armature  core  follow  two  paths  in  parallel,  since  they 
pass  round  the  ring  in  opposite  directions.  In  this  case,  however, 
not  only  is  the  group  of  z^  lines  split  up  into  two  before  they  pass 
tlirough  the  magnetising  coils,  but,  further,  each  sub-group  of 

-^  lines  again  bifurcates  when  passing  through  the  two  separate 
2 
paths  of  the  yoke  frame ;  the  induction  By  in  the  yoke  is  therefore 

equal  to     2      >  where  a^  is  the  area  of  either  half  of  the  yoke. 

Hence  the  number  of  ampbre-turns  that  must  be  placed  on  each 
pair  of  coils  on  the  one  side  of  the  ring  is 

AT=/(i-)  .4+  -S?-.  2/,+x>+/Y7+^].4>-h/[T  +  ^].4>(28) 

and  the  same  must  be  placed  on  the  opposite  pair  of  magnet- 
cores. 

If  such  a  dynamo  be  multipolar,  as  fig.  132,  and,  in  accordance 

with  the  symbols  of  p.  145,^  ^  the  number  of  pairs  of  poles  on  one 

p 
side  of  the  ring  =-,  the  amp^re-tums  on  the  poles  01  one  side  of 

the  armature=/AT,  and  the  total  number  for  the  whole  machine 

ssP.AT. 
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In  the  case  of  the  single  magnet  with  divided  yoke  (fig.  128),  the 
area  of  each  half  being  a^  it  is  evident  that  the  number  of  ampire- 
twns  on  the  pair  of  coils  is 

=/  ©  •  4+-8|;.  ./.+X.+/  ^ .  /.+/  (^) ./..  (.9) 

and  when  the  same  magnetic  system  is  multipolar,  as  in  fig.  129, 
the  total  number  of  ampere-turns  =  /at. 

In  the  4-pole  field  of  fig.  130,  each  of  the  two  horseshoes  must 
be  wound  with  sufficient  ampbre-tums  to  propel  z^  lines  through 
two  air-gaps,  half  z^  through  the  armature  core  from  s  to  n 
=4,  and  the  remaining  half  from  s  to  a,  and  from  n  to  by  i.e. 
through  4  ^so.  The  original  equation,  therefore,  for  a  single 
circuit  applies  exactly  to  each  horseshoe. 

In  the  case  of  the  disc  multipolar  dynamo  (fig.  75),  which 
usually  has  no  iron  in  its  armature,  reckoning  4  as  the  length  of 
each  air-gap  between  opposite  poles,  each  pair  of  coils  must  be 
wound  with 

=-85./,+x.+/'(y.4+/(y./.    .    (30) 

It  has  been  shown  on  p.  299  that  the  number  of  ampere- turns 
required  to  give  4,400,000  lines  through  the  armature  of  a  par- 
ticular dynamo  is  14,000  when  the  armature  current  has  its  full 
value  (i.e.  the  sum  of  62  amperes  in  the  external  circuit  and  about 
4  amperes  in  the  shunt  circuit  of  its  field-magnet,  or  66  amperes  in 
all).  If  a  number  of  different  values  be  assigned  to  z„  and  the 
amp^re-tums  required  in  each  case  be  determined  (always  on  the 
assumption  that  the  armature  current  has  its  full  value),  a  curve 
may  be  plotted,  connecting  together  the  corresponding  values  of 
z«  and  X,  and  this  curve  may  be  called  the '  curve  of  magnetisation ' 
of  the  particular  dynamo  for  its  full  current,  or  more  strictly  for  the 
full  value  of  its  armature  ampere-turns.  Curve  3  in  fig.  139  shows 
such  a  full-current  curve  of  magnetisation  for  our  9"  x  12''  dynamo, 
c«  being  maintained  throughout  at  its  full  value  of  66  amperes. 
The  corresponding  values  of  z«  and  x  may  either  be  worked  out 
by  the  same  methods  of  calculation  as  have  been  previously 
applied,  or,  if  the  machine  be  already  built,  they  may  be  determined 
experimentally,  as  will  be  shown  later  :  in  either  case  the  brushes 
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are  throughout  assumed  to  be  adjusted  to  the  point  of  minimum 
sparking,  and  the  abrupt  termination  of  the  curve  marks  the  point 


^S 


1*  <0  CM 
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below  which  it  is  impossible  to  reduce  the  magnetisation  without 
causing  excessive  sparking  at  the  brushes.  If  we  further  carry 
out  the  same  process  for  a  different  and  smaller  value  of  c^,  say 
half  its  maximum  value,  or  33  amperes,  a  second  curve  of  mag- 
netisation will  be  obtained  for  half-current :  this  will  fall  higher 
than  curve  3,  inasmuch  as  the  back  amp^re-tums  are  less,  and 
therefore  fewer  amp^re-tums  are  required  on  the  field  to  produce 
a  given  number  of  lines  through  the  armature.  Finally,  if  c«  be 
taken  as  =0,  there  is  no  reaction  of  the  armature-current  on  the 
field,  the  back  ampbre-tums,  Xe«  are  zero,  and  the  highest  or  'no- 
current '  curve  of  magnetisation  (i,  in  fig.  139)  is  obtained  It 
should  be  observed  that  the  horizontal  distance  between  the 
curves  for  no^current  and  full-current  at,  say,  4,400,000  lines  is 
more  than  the  direct  value  of  the  back  amp^re-tums,  viz,  580, 
inasmuch  as  these  latter  increase  the  leakage,  and  therefore  the 
amp^re-tums  required  over  the  iron  of  the  magnet ;  further,  the 
horizontal  distance  between  curves  i  and  3  increases  as  the  total 
number  of  lines  diminishes,  owing  to  the  fact  that  with  ^e  weaker 
field  the  brushes  require  a  greater  forward  lead,  and  the  back 
amp^re-tums  are  increased  even  for  the  same  value  of  €«.  The 
use  and  importance  of  these  curves  will  be  more  apparent  in  the 
next  chapter. 

The  method  by  which  the  field-magnets  of  dynamos  are 
excited  admits  of  several  variations,  according  to  the  sources 
whence  the  magnetising  current  is  derived ;  and  these  will  be 
explained  in  the  following  chapter.  Apart,  however,  from  such 
differences  of  source,  it  remains  to  determine  the  necessary  gauge 
and  weight  of  copper  wire  required  for  the  winding  of  magnetising 
coils  which  are  to  give  a  certain  number  of  ampere-turns,  x  :  these 
may  form  either  the  whole  or  a  part  of  the  total  number  of 
amp^re-tums  required  by  the  machine,  the  following  being  a 
general  solution  of  the  problem  applicable  to  all  cases.  The  data 
which  we  have  at  our  disposal  may  vary  in  different  cases,  but  in 
general  it  will  be  found  that  our  starting-points  will  be  a  know- 
ledge, direct  or  indirect,  of  (i)  the  voltage  that  will  be  applied  to 
the  ends  of  the  wire,  and  (2)  the  mean  length  of  one  turn  of  the 
coils.  Knowing  the  thickness  and  vndth  of  a  rectangular  magnet 
limb,  or  the  diameter  of  a  round  magnet-core,  it  is  easy  to  estimate 
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fairly  closely  the  mean  length  of  one  turn  of  a  coil  encircling 
either  the  one  or  the  other  :  a  certain  allowance  must  be  made 
for  the  depth  of  the  winding,  by  reason  of  which  the  mean  length 
of  a  turn  in  the  central  of  several  layers  of  winding  will  be  greater 
than  the  actual  perimeter  of  the  magnet  itself ;  and  the  correctness 
of  this  allowance  must  be  subsequently  checked  when  the  winding 
has  been  determined  on.  Experience,  however,  forms  an  easy 
guide  on  this  point,  and  we  may  therefore  assume  that  the  mean 
length  of  one  exciting  turn  is  known  when  the  dimensions  of  the 
iron  encircled  by  the  coils  are  known.  Let  this  mean  length=4f 
and  let  E^sthe  voltage  which  wOl  be  applied  to  the  ends  of  the 
exciting  coils.  Let  Q»sthe  resistance  in  ohms  of  unit  length  of 
the  required  wire  at  a  certain  standard  temperature,  say  60®  F.  ; 
and  let  a  and  T=the  two  factors,  the  magnetising  current  in 
amperes,  and  the  number  of  turns,  by  which  the  excitation  x 
is  obtained.  Then  the  resistance  of  the  magnetising  turns  at  the 
standard  temperature  is=Tx4xai ;  but,  as  explained  in  Chap. 
XIV.,  when  a  current  is  passed  through  the  coils,  their  tempera- 
ture will  rise  until  the  rate  of  generation  of  heat  in  them  is  equal 
to  the  rate  at  which  it  is  dissipated,  and  in  consequence  the  resist- 
ance of  the  magnetising  coils  when  they  have  attained  their  normal 
working  temperature  after  a  run  of  some  hours  will  be  higher  than 
their  resistance  at  starting.  In  order,  therefore,  to  find  the  resist- 
ance of  the  coils  when  they  are  at  the  maximum  temperature 
which  they  will  normally  attain,  it  will  be  necessary  to  multiply 
their  resistance  at  60®  F.  by  some  coefficient,  ky  dependent  on  the 
rise  of  the  temperature  of  the  coils  in  working,  and  on  the  tem- 
perature of  the  surrounding  atmosphere  from  which  that  rise  is 
reckoned ;  hence  R^sTx/xXaiXi^.  The  maximum  rise  of  the 
temperature  of  the  outside  of  the  coils  above  that  of  the  sur- 
rounding air  will  depend  on  the  ratio  which  the  cooling  surface  of 
the  coils  bears  to  the  rate  of  generation  of  heat  in  them ;  hence 
from  a  knowledge  of  this  ratio,  and  also  of  the  temperature  of  the 
surrounding  air,  we  can  determine  the  maximum  temperature 
attained  by  the  outside  of  the  coils.  The  value  of  k  will,  how- 
ever, vary  vrith  the  average  temperature  of  the  whole  mass  of  the 
coils,  and  will  therefore  depend,  not  only  on  the  maximum 
temperature  of  their  external  surfiice,  but  also  upon  the  depth  of 
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the  winding.  To  give  an  idea,  therefore,  of  the  practical  value  of 
k  it  may  be  mentioned  that  in  an  ordinary  2 -pole  dynamo  of 
about  20  kilowatts  output  with  field-coils  i^  inches  deep,  k  will 
be  about  1*15  if  the  maximum  temperature  attained  by  the 
outside  of  the  coils  be  about  50^  F.  above  that  of  the  surrounding 
air,  and  the  latter  be  assumed  to  be  60®  f. 


Now  As=-f ;  therefore  x=at=— '  x  t 

R.  R, 


_         E.XT 

TX4X«Xit 

—        E, 

l^XiaXk 

>-.         ='         . 

whence  « = — = , 

XXlgXk 

or  if  4  be  reckoned  in  feet  and  a>'  be  the  resistance  of  1,000  ft  of 
the  required  wire 

«'=5i2ii^ (3,) 

X  X  4  X  it 

The  area  and  diameter  of  the  required  wire  having  a  resistance 
of  0)'  ohms  per  1,000  feet  is  easily  obtained  by  reference  to  any 
table  of  the  resistance  of  copper  wires,'  or  by  direct  calculation. 
Copper  wire,  as  now  supplied  to  dynamo  manufacturers,  has  a 
conductivity  hardly,  if  at  all,  inferior  to  that  of  the  pure  copper  of 
Matthiessen's  standard  ;  and  the  resistance  at  60^  F.  of  1,000  feet 
of  a  No.  I  (Birmingham  or  standard  wire  gauge)  wire  of  100  per 
cent  conductivity  is  '115  ohm,  its  diameter  being  -3  inch,  and 

>  Sach  as  may  be  found  in  Munro  and  Jamieson*s  P^ket-book  of  Electrical 
Rules  and  Tables^  p.  227,  6th  ed.  If  such  a  table  be  not  at  hand,  a  very 
convenient  memcrta  teehnica  is  afforded  by  the  fact  that  at  60^  F.  the  resistance 
of  1,000  feet  of  wire,  of  100  per  cent,  conductivity,  and  having  an  area  of  '09 
sq.  inch,  is  -09  ohm :  or  the  resistance  of  a  wire  of  area  *o5  square  inch  is  very 
nearly  *05  ohm  per  100  yards. 
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its  area  -0707  square  inch.  Hence  the  area  of  the  required 
wire  =  -0707  X — ^  s=s  .52-13  square  inch  ;  or  combining  this  vnth 
the  above  equation, 

area  of  wire  =°^»^3xxx4x^ (3,) 

Ej^X  1000 

If  the  wire  is  to  be  rectangular,  the  two  dimensions  which  go  to 
make  up  this  area  may  be  chosen  to  suit  our  own  convenience  in 
winding  ;  but  if  it  be  round,  the  necessary  diameter  is 


-v'lZlSl)' 


•ii"»»  ''  =  7^ to) 

From  the  above  formulae  it  is  evident  that  if  E,  and  4  be  fixed, 
there  is  but  one  area  or  diameter  of  wire  which  will  satisfy  the 
equation  and  give  the  required  number  of  amp^re-tums,  and, 
further,  that  this  area  or  diameter  is  entirely  independent  of  the 
actual  number  of  turns  in  the  coils.  This  result  may  at  first  sight 
seem  surprising,  but  is  easily  followed  when  it  is  remembered  that 
if  the  number  of  turns  be,  for  instance,  doubled,  the  resistance  of 
the  coils  is  also  doubled,  which,  with  a  given  £«,  halves  the  current 
through  them,  and  therefore  leaves  the  total  number  of  ampere- 
turns  unaltered.  If  the  number  of  turns  be  doubled  by  winding 
twice  as  many  layers  on  the  same  length  of  bobbin,  it  is  true  that 
4  is  increased,  since  the  depth  of  the  winding  is  doubled  ;  but  the 
effect  of  this  upon  the  necessary  diameter  of  wire  is  more  or  less 
counterbalanced  by  the  reduction  which  must  be  made  in  the 
value  of  k.  When  the  number  of  turns  is  doubled,  the  current 
and  the  rate  at  which  it  generates  heat  are  halved ;  more  than 
this,  the  cooling  surface  is  itself  increased,  owing  to  the  perimeter 
of  the  coil  being  greater ;  and  therefore,  for  both  reasons,  the 
temperature  attained  by  the  coils  will  be  less  than  before.  The  lesser 
value  of  k  thus  almost  compensates  for  the  increased  value  of  4- 

In  order,  therefore,  to  determine  the  actual  number  of  turns 
which  must  be  used,  or  the  weight  of  wire,  the  necessary  area 
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or  diameter  of  which  has  been  determined,  it  is  essential  that  some 
other  factor  of  the  problem  be  known  to  us.  This  may  be  either 
the  number  of  watts,  w,  to  be  lost  in  the  field- winding  under  consi- 
deration, or  the  current  a  ;  the  latter  case  is,  in  reality,  identical 

with  the  former,  since  a  =  — ,  and  in  many  cases  w  and  a  form 

w 
two  of  the  data  given  at  the  outset,  whence  e,  =  —    is    at    once 

derived.  From  our  knowledge  of  w  or  of  a,  the  total  number  of 
turns  is  at  once  fixed  as 

„      X      X  X  E, 
A  W 

and  the  total  length  of  wire  required  is  t  x  4  feet.  The  weight  of 
one  foot  of  a  No.  i  B.  or  S.W.G.  wire  is  -273  lb.,  therefore  the 
weight  of  wire  is 

=TX/,X-273X*"5; 

whence  by  simple  substitution 

weight  in  lbs.=T x/, x  -273  x ';'5xxx4x>fe 

^^  E,XIOOO 

=-x4x-o3i4X  ?^AM 

A  E^  X  1000 

_X'X/^^X^X3'I4 

w  X  100,000 

It  should  be  observed  that  if  our  object  is  simply  to  form  an 
estimate  of  the  weight  of  wire  required  from  the  above  data,  it  is 
unnecessary  to  first  determine  «,  or  the  actual  number  of  turns 
and  layers  of  the  wire.  The  final  settlement  of  the  winding  will, 
however,  require  the  latter  to  be  determined,  and  after  determina- 
tion of  the  number  of  layers,  it  will  be  well  to  check  the  correct- 
ness of  the  assumed  depth  of  winding  underlying  our  first  estimate 
of  4>  or  the  mean  length  of  a  turn.  It  may  be  worth  while  to 
mention  that  if  a  continuous  length  of  round  wire  be  wound  on  to 
a  bobbin  in  several  layers,  the  turns  of  the  second  or  any  subse- 
quent layer  do  not  bed  into  the  hollows  between  the  turns  of  the 
layer  underneath,  since  the  wire  has  in  each  turn  of  the  upper 
layer  to  cross  over  the  turn  of  the  lower  layer ;  hence  if  d^-h  be 

Y 


(34) 
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the  diameter  of  the  round  wire  with  its  insulating  covering,  and  n 
be  the  number  of  layers,  the  depth  of  winding  is  n  (</+8).  Finally, 
it  may  be  stated  that  the  round  wire  in  ordinary  use  for  the  field- 
winding  of  dynamos  is  double-cotton-covered,  the  thickness  of  the 
covering  being  7^  mils  a  side,  or  15  mils  in  all  (i  mil=one- 
thousandth  of  an  inch) ;  while  for  rectangular  wires  it  is  usually 
somewhat  thicker,  making  20  mils  in  all.  The  bobbins  or  magnet- 
cores  on  which  the  wire  is  wound  are  insulated  with  several  thick- 
nesses of  shellacked  paper  or  calico,  and  their  end-flanges  are 
usually  further  provided  with  insulating  pieces  of  wood  or  vul- 
canised fibre. 
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CHAPTER  XVI 

SERIES,   SHUNT,   AND  COMPOUND   WINDING 

By  the  principles  stated  in  the  previous  chapter  the  designer  is 
enabled  to  calculate  the  number  of  ampere- turns  required  to  excite 
the  magnetic  system  of  a  dynamo.  There  are,  however,  several 
different  methods  of  supplying  the  exciting  current,  and  since  these 
have  different  effects  on  the  working  of  the  machine,  the  four 
principal  modes  require  to  be  considered  in  detail.  The  excitation 
of  the  electro-magnet  of  a  dynamo  is,  in  general,  effected  either  (i) 
by  coils  forming  a  shunt  to  the  external  circuit,  the  dynamo  being 
then  known  as  a  '  shunt '  machine  ;  or  (2)  by  coils  in  series  with 
the  external  circuit,  when  the  dynamo  is  called  a  '  series '  machine ; 
or  (3)  by  both  shunt  and  series  coils  in  combination,  a  method 
known  as  '  compound  winding ' ;  or  lastly  (4)  by  coils  connected 
to  a  separate  source  of  current,  the  machine  being  then  said  to  be 
•  separately  excited.' 

The  excitation  of  a  machine  from  a  separate  and  entirely  ex* 
temal  source  of  electrical  energy  is  the  most  obvious  method,  and 
was  the  one  first  adopted  in  practice,  a  small  dynamo  with 
permanent  magnets  of  steel  being  used  to  furnish  current  for 
exciting  the  field-magnet  of  a  larger  dynamo.  Fig.  140  shows  a 
separately-excited  machine,  the  electric  circuit  of  the  magnetising 
coils  being  entirely  distinct  from  the  circuit  of  the  main  dynamo  : 
this  latter  may  be  either  an  alternator  or  a  continuous-current 
dynamo,  as  in  the  diagram,  where  the  main  external  circuit  r,  is 
indicated  by  incandescent  lamps  strung  in  parallel  across  from  the 
positive  to  the  negative  lead.  The  source  of  the  magnetising 
current  is  represented  by  a  battery  of  cells,  but  may  of  course 
equally  well  be  a  separate  continuous-current  dynamo. 

The  second  step  in  the  order  of  development  was  made  when 

Y  2 
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it  was  suggested  that  a  part  of  the  electrical  energy  generated  in 
the  main  dynamo  might  be  used  to  maintain  or  increase  the 
magnetism  of  its  own  field-magnet.  This  was,  however,  only 
possible  if  the  machine  were  furnished  with  a  commutator  by 
which  the  current  was  commuted  into  a  steady  flow  in  one 
direction,  and  was  thus  rendered  suitable  for  magnetising  pur- 


FiG.  140.— Separacely-exdted  dynamo. 

poses.    Two  distinct  methods  were  then  invented,  by  which  this 
suggestion  was  realised. 

By  the  first,  magnetising  coils  were  arranged  as  a  shunt  to  the 
external  circuit  proper ;  thus,  in  fig.  141,  from  the  brushes  of  the 
dynamo  two  paths,  R,  and  R«,  are  presented,  and  the  armature 
current  divides  into  two  portions,  the  relative  magnitudes  of 
which  will  vary  inversely  as  the  resistances  of  r,  and  r,  ;  while 
the  one  portion  of  the  total  armature  current  flows  through  the 
external  circuit.  Re,  wherein  the  useful  electrical  energy  is  mani- 
fested, the  other  is  shunted  through  the  magnetising  coils,  and 
both  reunite  to  flow  through  the  armature.  The  voltage  on  the 
shunt  is,  of  course,  the  same  as  that  on  the  external  circuit,  since 
the  same  terminals,  a  and  d,  serve  for  both.  If  the  resistance  of 
the  shunt,  R^  be  relatively  high  as  compared  with  r^,  only  a  small 
proportion  of  the  total  energy  developed  will  be  absorbed  in 
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exciting  the  field-magnet  ;  hence  the  shunt  coils  are  usually 
composed  of  a  large  number  of  turns  of  small  wire,  and  are 

r 
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^ 

r 

rv 

\ 

1 

Fig.  141. — Shunt-wound  dynamo. 

represented  by  fine  lines  in  contrast  to  the  thicker  lines,  which 
indicate  the  lower  resistance  of  the  external  circuit. 
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Fig.  143.— Series-wound  dynamo. 

By  the  second  distinct  method,  magnetising  coils  are  arranged 
in  series  with  the  external  circuit,  and  the  whole  of  the  armature 
current  passes  alike  through  the  turns  of  the  field-magnet  coils, 
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R«,  and  the  external  circuit,  R,  (fig.  142).  A  portion  of  the  total 
pressure  developed  at  the  brushes  is  expended  in  the  magnetising 
coils,  and  the  remainder  is  available  for  useful  work  at  the  terminals, 
A,  D,  to  which  the  external  circuit  is  applied.  If  the  resistance  of 
the  series  coils,  r^)  be  low,  as  compared  with  the  resistance  of 
the  external  circuit,  the  percentage  of  energy  absorbed  in  the  field 
will  be  small  as  compared  with  the  useful  output,  and  hence,  in  this 
case,  the  series  coils  are  represented  in  our  diagram  by  a  few  turns  of 
thick  wire.  The  number  of  ampfere-turns  on  the  magnet  of  the 
dynamo  may  be  the  same  whether  it  be  shunt-  or  series-wound, 
since  in  the  one  case  a  small  current  fiows  through  a  large  number 
of  turns,  and  in  the  other  case  a  large  current  fiows  through  a  few 
turns  ;  and  in  both  cases  the  amount  of  energy  absorbed  in  secur- 
ing any  given  number  of  ampere-turns  is  simply  a  question  of  the 
amount  of  copper  in  the  field-coils. 

A  further  and  most  important  step  was  now  found  to  be 
practicable,  viz.  the  self-excitation  of  the  machine,  whether  shunt- 
or  series-wound.  The  field-magnet  of  a  dynamo  is  always  slightly 
magnetised,  even  when  the  machine  is  not  running  :  it  may  then 
appear  to  be  perfectly  demagnetised  by  its  failing  to  attract,  say, 
a  bunch  of  keys  held  near  the  poles,  but  a  more  delicate  test 
will  show  that  both  wrought  and  cast  iron  retain  a  certain 
amount  of  magnetism  (p.  222),  and  if  the  field-magnet  be  ap- 
proached with  a  small  compass  needle,  one  pole  of  the  machine 
will  attract  and  the  other  will  repel  the  N.  pole  of  the  delicately 
poised  needle.  Now  the  presence  of  this  feeble  residual  mag- 
netism is  sufiicient  to  start  the  process  of  self- excitation,  since 
it  implies  that  a  few  lines  of  induction  are  passing  round  the 
magnetic  circuit  of  the  dynamo  through  the  armature,  even  when 
at  rest  Hence,  when  the  armature  of  either  fig.  141  or  fig.  142  is 
rotated,  the  inductors  cut  the  lines  due  to  the  residual  magnetism, 
and  a  small  E.M.F.  is  thereby  set  up  within  the  winding  of  the 
armature.  If  the  brushes  are  *  down '  on  the  commutator,  and  a 
closed  circuit  is  thereby  made,  this  small  E.M.F.  sends  a  feeble 
current  through  the  magnetising  coils ;  the  ampere-turns  of  the 
latter,  although  as  yet  they  may  be  small,  still  serve  to  increase 
the  number  of  lines  passing  through  the  armature,  and  these,  as 
they  are  cut  by  the  inductors,  produce  an  increased  E.M.F. ;  the 
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exciting  current  is  thereby  in  turn  increased,  and  its  increase  is  again 
followed  by  a  further  increase  in  the  magnetisation  and  E.M.F. 
Thus  the  magnetism  gradually  grows,  the  increments  becoming 
less  and  less  as  the  iron  of  the  field*magnet  becomes  more  and 
more  saturated.  The  time  taken  by  the  *  building-up*  process  will 
vary  from  a  few  seconds  in  a  small  machine  to  a  minute  or  more 
in  a  large  magnet,  but  after  a  short  time  a  small  increase  in  the 
exciting  current  produces  very  little  increase  in  the  induction  ; 
finally,  for  a  given  speed  of  rotation,  the  voltage  and  exciting 
current  reach  a  settled  state,  and  the  machine  will  run  for  any 
length  of  time,  maintaining  its  own  constant  magnetisation.  Thus 
the  presence  of  residual  magnetism  renders  it  unnecessary  to 
impart  to  the  field- magnet  any  initial  excitation,  and  the  con- 
tinuous-current machine  becomes  self-exciting  by  the  mere 
rotation  of  the  armature.  One  difference,  however,  between  the 
shunt-  and  series-machine  will  be  apparent  from  their  respective 
diagrams.  In  the  btter  case,  the  external  circuit  must  be  closed 
before  the  process  of  excitation  will  begin,  since  the  circuit  of  the 
field-coils  is  only  completed  through  the  external  circuit.  In  the 
fbrmer  case,  if  an  external  circuit  of  very  low  resistance  be  closed 
on  the  brushes,  so  small  a  portion  of  the  feeble  initial  current  will 
be  shunted  through  the  magnet-coils  that  the  machine  may  fail  to 
excite.  Hence,  in  the  shunt  machine,  the  excitation  is  most 
quickly  and  surely  obtained  if  the  external  circuit  be  lefl  open 
until  the  magnet  is  thoroughly  excited. 

It  only  remains  to  remark  that  even  when  a  machine  has  just 
come  from  the  workshops,  and  is  run  for  the  first  time,  there  is 
usually  sufficient  residual  magnetism  in  its  iron  to  enable  it  to 
excite  itself.  The  first  excitation  may,  however,  require  a  higher 
speed  than  will  be  subsequently  necessary,  and  in  cases  of  large 
shunt  machines,  running  at  slow  speeds,  separate  excitation  may 
have  to  be  resorted  to  in  the  first  instance. 

When  once  the  machine  is  normally  excited,  and  is  running 
under  settled  conditions,  the  energy  spent  in  the  magnetising  coils 
is  entirely  converted  into  heat ;  but  during  the  process  of  creating 
the  magnetic  field,  a  certain  amount  of  energy  is  absorbed  which 
is  given  back  as  the  field  demagnetises.  If  the  circuit  of  a  series- 
wound  dynamo  be  opened  while  it  is  running,   the  stored-up 
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energy  reappears  in  the  fonn  of  a  spark  at  the  switch  ;  the  rapid 
collapse  of  the  lines  of  induction  which  circle  through  the  turns  ot 
the  field-coils  generates  a  high  E.M.F.,  which  tends  to  keep  up 
the  strength  of  the  current,  and  if  the  field  be  powerful  and  the 
turns  encircling  it  be  numerous,  the  intensity  of  the  spark 
becomes  very  considerable.  In  the  case  of  a  shunt-wound 
dynamo  the  opening  of  the  external  circuit  does  not  interrupt  the 
flow  of  the  shunt  current  round  the  coils ;  in  fact,  these  latter 
themselves  afford  a  byepass  for  the  discharge  of  electrical  epergy. 
Owing,  however,  to  the  large  number  of  turns  in  the  shunt,  the 
effect  of  suddenly  breaking  the  magnetising  circuit  is  even  more 
marked  than  in  a  series  machine.  Thus,  if  a  person  accidentally 
lifts  the  brushes  of  a  large  shunt  machine  running  on  open  circuit, 
the  self-induced  E.M.F.  may  rise  to  thousands  of  volts,  may 
damage  the  insulation  of  the  machine,  and,  further,  may  give 
perhaps  a  fatal  shock.  If  the  machine  be  running  on  a  closed 
circuit,  say,  of  incandescent  lamps,  the  person  would  be  less  liable 
to  receive  such  a  severe  shock,  since  the  so-called  *  extra-current ' 
is  discharged  through  the  external  circuit,  and  causes  the  lamps  to 
momentarily  flash  up. 

The  application  of  the  formulae  of  Chapter  XV.  to  the  design 
of  the  field-winding  of  the  shunt  machine  is  easy.  Let  yl^  be  the 
terminal  or  external  voltage  which  the  machine  is  required  to  give 
when  supplying  its  full  external  current ;  then  the  difference  of 
potential  on  the  ends  of  the  shunt  is  likewise  e^  and  it  is  only  neces- 
sary to  substitute  its  value  for  e,  in  the  equations  31-34  in  order 
to  determine  the  necessary  area  or  diameter  of  wire.  In  order  to 
further  determine  the  number  of  turns  and  weight  of  wire,  it  is 
necessary  to  know,  at  least  approximately,  the  rate  in  watts  at 
which  energy  is  to  be  expended  in  the  field-coils. 

While,  however,  the  necessary  size  of  wire  is  rigidly  deter- 
mined, there  is,  in  fact,  no  hard-and-fest  rule  for  deciding  the 
weight  that  is  to  be  used,  and  this  must  be  left  to  the  designer's 
judgment.  If  a  large  quantity  be  used,  the  weight  and  cost  of 
the  machine  are  increased  (double-cotton -covered  round  wire  costs 
approximately  ^\  per  cwt.),  while  if  a  smaller  quantity  be  used,  the 
heating  of  the  field-coils  is  greater,  and  the  efficiency  of  the 
machine    is   decreased.     A  further    disadvantage  which    arises 
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when  the  weight  of  copper  is  reduced  is,  that  there  is  a  greater 
difference  between  the  resistances  of  the  shunt  when  cold  and 
when  hot,  owing  to  its  rise  of  temperature  being,  greater:  this 
difference  causes  a  difference  in  the  shunt  current,  and  therefore 
in  the  exciting  power  and  total  induction  produced,  so  that  when 
the  dynamo  runs  at  a  constant  speed,  the  E.M.F.  induced  is 
greater  at  starting  than  it  is  after  it  has  run  for  several  hours 
continuously,  and  has  attained  its  final  temperature.  If  the 
dynamo  be  supplying  incandescent  lamps  direct,  and  this 
difference  be  great,  it  will  necessitate  an  alteration  in  the  speed  of 
rotation  in  order  to  maintain  the  correct  voltage  on  the  lamps. 
The  settlement  of  the  rate  in  watts  at  which  energy  may  be 
expended  in  the  shunt  coils  depends,  therefore,  upon  their  allow- 
able heating  and  upon  the  efficiency  which  the  dynamo  is  to  have  : 
from  both  considerations  combined,  experience  enables  us  to  fix 
upon  a  preliminary  estimate  from  which  the  completed  design 
need  differ  but  little.  In  practice,  the  loss  of  energy  in  the  field 
of  a  shunt  machine  varies  from  about  1-5  per  cent,  of  the  output 
in  a  loo-kilowatt  machine  to  7  or  8  per  cent,  in  a  4-kilowatt 
machine.  The  heating  question  will  be  more  fully  discussed  in 
Chapter  XVIII.     If  it  be  settled  that  w  watts  may  be  lost  in  the 

field- winding,  then  w=e«xc,  watts,  and  c,=5?,  whence  the  resist- 

ance  of  the  shunt  and  its  composition  can  be  at  once  determined. 
The  preliminary  result  thus  arrived  at  should  only  require  such 
slight  revision  as  will  lead  to  the  winding  forming  a  complete 
number  of  layers. 

Thus  in  the  case  of  the  dynamo  of  p.  295,  £,=  130  ;  assuming 
the  depth  of  winding  to  be  a  little  under  i^",  we  can,  from  the 
given  dimensions  of  the  magnet-core  (fig.  135),  determine  /,  to  be 
39"=3-25  ft.,  while  if  the  temperature  attained  by  the  surface  of 
the  coils  be  about  45°  F.  above  the  normal  temperature  of  the  air, 
k  will  be  about  1-13  (cp.  p.  396).     Thence  by  equation  (31) 

,  130x1,000 

14,000  X  3-25  xri3 

and  the  necessary  diameter  of  the  shunt  wire  is  '064". 

In  the  present  case,  the  over-all  length  of  each  magnet  bobbin 
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will  be  lo",  and  the  cooling  surface  of  the  two  together  (as  ex- 
plained in  Chap.  XIV.)  may  be  reckoned  as  44x9^x2=836 
square  inches,  and  (as  will  be  explained  in  Chap.  XVIII.)  an 
allowance  of  about  460  watts  will  be  well  within  the  mark  as  regards 
the  heating  of  the  coils.  After  a  preliminary  trial,  we  arrive  at  a 
winding  which  forms  a  complete  number  of  layers  as  follows  :  The 
diameter  of  the  double-cotton-covered  wire  will  be  -064-1- '015 
=•079",  and  after  allowing  for  the  insulating  flanges  at  either 
end  of  the  *  former,'  there  will  be  118  turns  of  wire  per  layer. 
With  seventeen  complete  layers  the  total  number  of  turns  on  the 
two  will  be  T,=4,oi2  ;  13,040  feet  of  wire  will  be  required,  and 
the  resistance  of  the  shunt  when  cold  will  be  13*04  X2"52=32*86 

ohms  ;  or,   when  hot,   32*86  xi"i3=37"i  ohms.     c,=— 2^=3*5 

amperes,  and  x,=c,  x  t,=  14,000,  as  required.  The  watts  expended 
in  the  field-coils  will  be  455,  or  nearly  5I  per  cent,  of  the  output. 
If  a  dynamo  be  run  at  a  constant  speed,  and  the  resistance  of 
its  external  circuit  be  varied  so  as  to  alter  the  value  of  the  external 
current,  the  curve  connecting  simultaneous  values  of  the  terminal 
E.M.F.,  E^,  and  the  external  current,  c«  for  a  given  speed  of  rota- 
tion is  known  as  the  *  external  characteristic '  of  the  machine  for 
that  speed ;  since  from  it  the  behaviour  of  the  machine  under 
varying  conditions  of  load  can  be  graphically  studied.  The  volts 
and  ampferes  of  such  a  curve  are  usually  plotted  to  the  same  scale, 
horizontal  distances  representing  amperes,  and  vertical  ordinates 
the  corresponding  volts.  These  two  may  either  be  obtained  by 
direct  measurement,  voltmeter  and  ammeter  being  read  off  simul- 
taneously, or  the  curve  may  be  derived  from  the  magnetisation- 
curves  of  the  machine,  and  the  advantage  of  so  deriving  it  is  that 
the  speed  during  the  tests  to  obtain  the  magnetisation-curves  is 
varied,  and  does  not  require  to  be  kept  steadily  at  a  constant 
value.  In  the  case  of  a  shunt-wound  machine  the  curve  of  ex- 
ternal E.M.F.  and  current  will  be  found  to  take  the  characteristic 
form  shown  in  fig.  143,  o  l  k  d.  The  manner  in  which  it  may  be 
derived  from  the  magnetisation-curves  has  now  to  be  explained, 
and  first  it  will  be  necessary  to  consider  the  process  by  which  the 
three  curves  of  fig.  139  may  be  determined  by  direct  experiment 
on  a  shunt-wound  dynamo. 
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Considering,  for  simplicity,  a  bipolar  machine,  the  total  number 
of  lines  passing  through  the  armature  is  2^=^^^^  ^  ^  (eq.  ii), 

and  the  ampfere-turns  on  the  field-magnet  are  x,=c,xt,.    c,=— 

may  be  obtained  by  measuring  the  E.M.F.  at  the  brushes  and 
dividing  it  by  the  resistance  of  the  shunt ;  but  for  greater  accuracy 
it  is  preferable  to  measure  it  directly,  since  the  resistance  of  the 
shunt  is  continually  altering  if  the  machine  is  in  process  of  warming 
up  during  the  tests.     In  a  shunt  machine 

c«=c,+c,  :  E«=E5+C«Ra; 

whence  z,^(b>+c.r,)xio''x6o (35) 

NXT 

When  the  external  circuit  is  open,  the  only  current  flowing  is 
that  through  the  shunt  As  a  rule,  this  is  so  small  that  c^r^  may 
be  neglected,  and  £»  and  ^  are  practically  identical.  If,  therefore, 
the  armature  be  run  at  different  speeds,  and  a  series  of  simul- 
taneous readings  of  the  speed,  the  E.M.F.  at  the  brushes,  and  the 
shunt  current  be  taken,  a  curve  can  be  plotted  from  the  readings 
which  will  connect  z^  and  x, ;  and  since  the  armature  ampfere- 
turns  due  to  the  shunt  current  alone  are  very  small,  their  influence 
on  the  field  may  practically  be  neglected,  and  the  curve  thus 
obtained  is  the  highest  or  *  no-current '  curve  of  magnetisation  of 
fig.  139.  To  obtain  the  lower  curves  of  magnetisation  for  either 
*  half-current'  or  *  full-current,'  the  same  readings  must  be  taken  ; 
but  between  the  readings  at  each  different  speed  the  resistance  of 
the  external  circuit  must  be  altered,  so  that  when  the  measurements 
are  made  for  either  curve,  the  current  through  the  armature 
(Ca=c,+Ce)  has  the  constant  value  required. 

Since  ^=^aXNXT   j^  f^w^^^  t^^t  e«  oc  z^,  if  the  speed  be 
60  X 10*  a         «  r 

kept  constant ;  further,  x,=— *  x  t„  whence  e„  or  the  potential 

Ra 

difference  applied  to  the  terminals  of  the  exciting  coils,  is  oc  x 
when  R,  is  constant,  as  it  is  when  a  machine  has  been  running 
for  some  time,  and  has  attained  a  steady  temperature.  If,  therefore, 
we  possess  the  magnetisation-curves  of  fig.  139,  these  can  be  con- 
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verted    into  curves  connecting  armature  E.M.F.  and  exciting 
voltage  when  some  fixed  speed  is  assumed/    The  full-line  curves 


Fig.  X43.— Characteristic  curve  of  shunt>wound  dynamo. 

of  fig.  144  show  the  curves  of  fig,  139  thus  converted  on  the 

assumption  that  in  our  9"  x  12"  dynamo  the  number  of  armature 

'  See  Electrician^  Dec.  20,  1895 
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inductors  is  234,  the  number  of  shunt  turns  4,012,  and  their  resist- 
ance 37*1  ohms,  and  that  the  constant  speed  of  rotation  is  to  be 
790  revolutions  per  minute.  Curve  i  connects  e^  or  e^  and  e, 
when  Crt=o.     Curve  2  connects  e«  and  e,  when  €„  has  the  value 


ieo 


M^o 


Ai  (=33  amperes),  and  curve  4  connects  e^  and  e^^  when  Ca=Aa 
(=66  amperes).  From  curve  2  is  obtained  the  dotted  curve  3, 
connecting  Ej  and  e,  when  Ca=Ai  amperes,  by  deducting  from  the 
ordinates  of  curve  2  the  loss  of  volts  over  the  armature  resistance 
when  warm  ;  in  fact,  the  vertical  distance  between  curves  2  and 
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3  is  throughout  equal  to  AjXR^  ('09x33=3)  volts.  Similarly, 
from  curve  4  is  derived  curve  5,  connecting  e^  and  e,  when 
Ca=A2,  or  66  ampbres.  Now,  since  in  a  shunt-wound  machine  e« 
is  the  same  as  £„  those  points  on  curve  5  (such  as  l  or  k)  for 
which  the  ordinate  E6=the  abscissa  e,  are  the  only  values  of 
voltage  which  the  machine  would  give  when  run  at  the  fixed  speed 
with  A2  amperes  flowing  through  the  armature;  and  in  general 
those  points  on  any  curve  connecting  e^  and  e^^,  for  which  ordinate 
and  abscissa  are  equal,  give  the  only  possible  values  of  the  terminal 
E.M.F.  for  the  particular  armature  current.  Deducting  the  shunt 
current  from  the  total  armature  current,  we  obtain  the  external 

current ;  thus  at  point  k,  c,=  '^^  ^^  ^  =3'5>  Ca=nearly  66  am- 

37*1  ohms 

pferes,  and  therefore  c,=62*5  and  £,=  130  are  simultaneous  values 

of  external  current  and  terminal  voltage.    All  such  points  are 

necessarily  passed  through  by  the  straight  line  o  h,  which  is  drawn 

at  an  angle  of  45°  from  the  axis  of  abscissae,  as,  tf.^.,  k  and  l,  n 

and  M,  D  and  o ;  and  after  deduction  for  the  shunt  current,  these 

may  be  plotted  as  part  of  the  external  characteristic,  as  shown  by 

the  corresponding  letters  in  the  full-line  curve  of  fig.  143. 

It  will  be  seen  from  fig.  143  that  for  the  shunt-wound  machine 

running  at  any  one  fixed  speed  there  is  a  maximum  value  for  the 

external  current,  beyond  which  it  is  impossible  to  go.    Owing  to 

the  heat  which  would  be  generated  in  the  armature  winding  by  a 

long-continued  passage  of  this  maximum  current,  it  may  be,  and 

usually  is,  impossible  to  work  the  machine  at  the  point  of  maximum 

current :  apart,  however,  from  the  question  of  the  heat  damaging 

the  winding,  it  is  for  another  reason  inadvisable  to  work  close 

to  this  point.     It  will  be  seen  from  fig.  143  that  the  characteristic 

curve  after  rounding  the  point  of  maximum  current  descends 

very  rapidly  and  almost  in  a  straight  line  to  the  origin.     Thus  in 

the  diagram,  the  part  o  Q  is  practically  a  straight  line,  and  this 

implies  that  for  an  external  resistance,  ~.  the    terminal    E.M.F. 
^  ox 

and  the  external  current  may  have  any  value  between  nought  and 

oy  volts  and  nought  and  ox  amperes ;  the  machine  may  therefore 

give  widely  different  voltages  at  different  times,  although  running 

at  exactly  the  same  speed  on  the  same  external  resistance.     The 
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magnetism  of  the  field  is,  in  fact,  unstable,  owing  to  the  voltage  on 
the  shunt  not  being  sufficient  to  duly  magnetise  the  iron  ;  hence,  if, 
when  working  near  the  point  of  maximum  current,  the  resistance  of 
the  external  current  becomes  lowered  to  a  value  considerably  below 
that  which  corresponds  to  the  maximum  current,  the  machine 
loses  its  magnetism  altogether,  and  the  voltage  runs  down  to  zero. 
The  practical  importance  of  this  is  that  if  a  shunt- wound  machine 
be  accidentally  short-circuited  when  at  work,  or,  in  other  words,  if 
R,  is  reduced  practically  to  =  o,  the  armature  winding  is  not  burnt 
up  by  the  continued  passage  of  an  abnormally  large  current ; 
the  machine,  on  the  other  hand,  becomes  demagnetised,  and  gives 
no  current,  although  the  driving  engine  may  be  running  at  a  speed 
higher  than  the  normal  Neither  will  a  shunl-wound  machine 
excite  if  an  external  circuit  of  abnormally  low  resistance  be  closed, 
so  that  it  is  unharmed  if  an  accidental  misconnection  of  the  leads 
has  resulted  in  its  terminals  being  short-circuited.  For  every  value 
of  the  external  current  except  the  maximum  there  are  two  values 
of  the  external  E.M.F.,  and  which  of  the  twoE.M.F.'s  is  obtained 
depends  entirely  upon  the  resistance  of  the  external  circuit :  this 

latter  is  equal  to  3  =  tan  a,  or  the  slope  of  the  line  to  any  point,  p, 

on  the  curve  when  e«  and  c,  are  plotted  to  the  same  scale,  as  usual 
(fig.  143).  The  slope  of  the  full-line  curve  between  l  and  o  marks 
the  critical  resistance  of  the  external  circuit  for  a  speed  of  790 
revolutions  per  minute;  if  it  be  reduced  below  this  value,  the 
machine  will  fail  to  excite,  or  its  magnetism  will  at  least  be  unstable. 

For  each  constant  speed  the  same  shunt- wound  dynamo  gives 
a  different  external  characteristic.  Thus,  in  fig.  143  the  dotted 
curve  shows  the  external  characteristic  of  the  same  dynamo  at  a 
constant  speed  of  880  revolutions  per  minute,  instead  of  790,  and 
it  will  be  seen  that  at  the  new  speed  the  output  may  be  raised  to 
145  volts  and  nearly  80  amperes,  provided  that  considerations  of 
heating  and  sparking  do  not  forbid  it.  In  short,  the  higher  the 
speed,  the  less  is  the  slope  of  the  descending  branch  of  the 
curve ;  or,  in  other  words,  the  smaller  is  the  critical  resistance  which 
the  external  circuit  may  have,  without  the  dynamo  losing  its 
magnetism. 

Instability  of  the  magnetism  requires  to  be  carefully  guarded 
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against  in  the  design  of  self- exciting  dynamos.  It  will  be  seen  from 
figs.  143  and  144  that  the  unstable  portion  of  the  curve  between 
L  and  o  is  obtained  if  the  total  induction  for  which  the  machine 
is  designed  falls  on  the  initial  straight  portions  of  the  curves  in 
fig-  i39>  where  they  descend  rapidly  towards  the  axis  of  abscissae ; 
and,  in  general,  if  the  working  number  of  lines  falls  low  down  on 
the  curve  of  magnetisation,  the  magnetism  of  the  machine  as  a 
self-exciting  dynamo  will  be  unstable.  Even  if  the  field  hold  its 
magnetism,  a  very  slight  variation  of  the  speed  will  cause  a  large 
variation  in  the  E.M.F.— a  result  which  is  always  undesirable,  and 
especially  so  if  the  machine  be  feeding  lamps  directly.  Thus,  in 
the  case  of  a  shunt-wound  machine,  suppose  that  its  speed  is  raised 
slightly  ;  the  increased  E.M.F.  causes  an  increase  in  the  current 
through  the  shunt,  which  will  again  increase  the  induction  and 
the  E.M.F.,  and  the  lower  down  the  curve  of  magnetisation  that 
the  machine  is  worked,  the  greater  is  the  effect  of  any  variation  in 
the  shunt  current  upon  the  E.M.F.,  owing  to  the  magnet  being 
less  saturated. 

A  further  disastrous  consequence  of  designing  a  shunt-wound 
machine  to  work  on  the  initial  straight  portion  of  the  magnetisation- 
curves  is  that,  even  when  the  external  circuit  is  open,  it  may  never 
become  properly  excited  when  run  at  the  normal  speed  for  which 
it  is  designed.  Just  as  excitation  begins,  the  magnet  reaches  a 
state  which  satisfies  all  the  conditions  of  speed,  &c.,  and  the  pro- 
cess stops  abruptly.  Hence,  if  the  designed  ampfere-turns  of  the 
shunt  do  not  correspond  to  an  induction  well  up  on  the  magnet- 
isation curve,  the  machine  may  entirely  fail  to  reach  its  due  excita- 
tion when  started  at  its  normal  speed.  It  is  therefore  extremely 
important  in  designing  a  machine  which  is  to  become  excited  on  its 
shunt  to  work  fairly  high  up  on  the  magnetisation  curves,  and  in  fig. 
139  the  best  portions  of  the  curves  whereon  to  work  fall  within  the 
horizontal  lines  marking  four  and  five  million  lines  respectively 
(corresponding  to  a  working  range  from  d  to  k  on  the  cha- 
racteristic curve  of  fig.  143).  These  portions  may  be  said  to 
lie  on  the  bend  or  knee  of  the  curve,  but  it  must  be  remembered 
that  the  apparent  position  of  this  bend  depends  largely  on  the 
relative  scale  to  which  lines  and  amp^re-tums  are  plotted. 
Another  advantage  of  working  high  up  the  curve  is  that  the  dif- 
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ference  of  the  ampfere-turns  of  the  shunt  when  hot  and  when  cold 
then  produces  but  small  effect  upon  the  induction  and  E.M  F.  of 
the  machine,  since  the  magnet  is  well  saturated.  Also,  the  vertical 
distance  between  the  no-current  and  full-current  curves  decreases 
as  the  total  induction  is  increased,  so  that  the  variation  in  E.M.F. 
of  the  machine  between  full  load  and  no  load  is  small  when  the 
magnet  is  strongly  excited.  If,  however,  the  working  induction 
be  taken  too  high,  a  large  amount  of  copper  will  be  required  on 
the  field,  and  if  for  any  reason  the  actual  curve  comes  below  the 
predetermined  curve,  it  may  be  practically  impossible  to  rewind 
the  magnet  so  as  to  obtain  a  greater  induction. 

It  will  already  be  apparent  that  much  information  can  be 
obtained  from  the  shape  of  the  characteristic  curve  of  the  dynamo  ; 
in  the  case  of  a  shunt- wound  dynamo  run  at  a  constant  speed,  we 
see  that  its  E.M.F.  is  highest  when  the  external  circuit  is  open, 
and  the  only  current  flowing  is  that  through  the  shunt.  When 
the  external  circuit  is  closed,  and  the  armature  current  is  swelled 
by  the  addition  of  an  external  current,  not  only  does  the  loss  of 
volts  over  the  resistance  of  the  armature  progressively  increase  as 
the  armature  current  increases,  but  the  demagnetising  effect  of 
the  back  armature  amp^re-tums  increases.  Hence,  not  only  does 
the  exciting  voltage  at  the  brushes  of  the  dynamo  fall,  but  the 
magnetisation  due  to  a  given  number  of  shunt  ampere-turns  is 
decreased.  Owing,  therefore,  to  the  combined  effect  of  the  two 
causes,  viz.  the  increase  of  the  back  amp^re-tums,  x*,  and  the  loss 
of  volts  over  lu,  the  characteristic  gradually  falls  throughout  the 
entire  working  range  of  the  dynamo.  If,  however,  the  armature 
be  of  low  resistance,  the  drop  in  volts  for  any  current  within  the 
working  range  will  be  but  small,  and  consequently  the  shunt- 
wound  dynamo  may  in  such  cases  be  practically  regarded  as 
giving  a  nearly  constant  voltage  when  run  at  a  constant  speed. 

In  order  to  regulate  the  voltage  of  a  shunt  machine,  it  is  usual 
to  insert  in  series  with  the  magnet  winding  a  rheostat  or  resistance, 
the  coils  of  which  can  be  successively  thrown  into  or  out  of  the 
shunt  circuit.  Since  the  exciting  current  for  a  given  voltage  at  the 
brushes  is  thereby  reduced  or  increased,  the  voltage  of  the  machine 
can  be  lowered  or  raised  by  small  steps.  Less  often  the  speed 
of  rotation  is  altered,  or  both  methods  are  used  in  conjunction. 
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or  216  in  all.  Owing  to  the  rectangular  section  of  the  wire,  less 
space  is  wasted  than  if  it  had  been  round,  and  the  depth  of  the 
series-winding  will  not  be  so  great  as  that  of  the  shunt-winding  of 
p.  330  ;  hence,  if  greater  accuracy  were  required,  the  values 
assigned  to  4  and  k  should  be  slightly  modified,  but  for  ordinary 
work  the  above  result  will  hardly  require  further  correction. 
Havipg  regard  to  the  close  packing  of  the  rectangular  wire,  and 
the  consequently  reduced  cooling  surface,  a  somewhat  smaller 
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Fig.  X45.— Characteristic  curve  of  series- wound  djrnamo. 

expenditure  of  watts  in  the  field  was  in  the  first  instance  assumed 
for  the  series-winding.  The  actual  weight  of  copper  on  the  field 
in  the  two  cases  is  practically  the  same ;  it  is,  however,  a  little 
more  in  the  series  than  in  the  shunt  machine,  and  due  to  this  the 
efficiency  of  the  former  is  slightly  the  greater. 

The  external  characteristic  of  the  above  dynamo  when  series- 
wound  for  a  speed  of  800  revolutions  per  minute  is  shown  in  fig. 
145.  It  may  be  derived  from  the  magnetisation-curves  of  fig.  139 
in  the  following  manner.     Taking  any  current,  c,,  multiply  it  by 
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T,»,  the  number  of  turns  in  the  series-winding,  and  then  find  on 
the  magnetisation-curve  for  the  particular  current  c,  the  z^  cor- 
responding to  the  exciting  power,  CiT,„.    Thence  Eo==4-^^^ — ^ 

can  be  determined ;  the  loss  of  volts  over  the  resistance  of  the 
armature  and  series  winding  =  CiX(r.  +  r«),  so  that  e^  cor- 
responding to  a  value  of  c^=Ci  is  e,— Ci  (R.+Rm),  and  the 
corresponding  point  on  the  external  characteristic  can  be  plotted. 
Next  take  another  value  for  c,,  and  in  the  same  way  find  the 
corresponding  value  of  ^„  and  so  on  until  sufficient  points  have 
been  obtained  to  draw  in  the  curve.  Of  course,  if  we  only  have 
three  or  four  magnetisation-curves,  it  will  be  necessary  to  inter- 
polate or  add  other  curves  in  order  to  determine  the  characteristic 
throughout  a  large  range  of  current.  Thus  the  curve  for  jths 
of  full  current  will  fall  approximately  midway  between  the  curves 
for  half  and  full  current,  but  slightly  nearer  to  the  former ;  the 
back  amp^re-tums  of  the  armature  are  less  at  three-quarters  than 
at  full  load,  owing  to  the  decreased  current,  and  the  proportion  of 
leakage  is  thereby  decreased,  but,  more  than  this,  the  lead  of  the 
brushes  may  be  slightly  decreased,  and  therefore,  on  both  grounds, 
the  effect  on  the  field  is  to  cause  the  |  curve  to  fall  nearer  to  the 
half-  than  to  the  full-current  curve. 

The  shape  of  the  external  characteristic  for  a  series-wound 
dynamo  is  widely  different  from  that  for  a  shunt  machine.  Since 
the  external  current  is  also  the  magnetising  current,  it  resembles 
in  the  main  a  curve  of  magnetisation.  It  will  be  seen,  however, 
that  after  a  certain  point,  a  (fig.  145),  is  reached,  the  terminal 
E.M.F.  decreases  as  the  external  current  is  increased.  This  fall 
of  the  external  characteristic  is  due  to  the  loss  of  volts  over  the 
resistance  of  the  armature  and  series  winding,  and  to  the  demag- 
netising effect  of  the  back  ampere-turns  on  the  armature.  The 
former  loss  is  directly  proportional  to  the  current,  while  the  effect 
of  the  back  ampere- turns  increases  somewhat  faster  than  the 
current  On  the  other  hand,  when  the  magnet  is  approaching 
saturation,  if  the  external  current  is  increased,  the  increase  in  the 
total  induction  is  by  no  means  proportional  to  the  increase  in 
the  exciting  power  of  the  field  ampere-turns.  Hence  the  induced 
E.M.F.  rises  less  and  less  rapidly  as  the  current  is  increased,  and 
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after  a  certain  point  the  increase  in  the  induced  E.M.F.  does 
not  so  much  as  compensate  for  the  increased  loss  of  volts  over  the 
resistances  of  the  machine ;  the  external  characteristic  curve  therefore 
attains  a  maximum  height,  and  thence  bends  gradually  downwards. 

The  external  characteristic  at  any  other  speed  is  obtained  by 
simply  altering  the  height  of  the  ordinates  e«  (p.  341)  being  altered 
in  proportion  to  the  alteration  of  the  constant  speed. 

Series- wound  dynamos  are  chiefly  used  for  the  electric  trans- 
mission of  large  powers  over  considerable  distances,'  electric 
traction  being  included  under  this  head ;  and  also,  as  already 
mentioned  (p.  338),  for  high-potential  arc-lighting.  For  this  latter 
purpose  the  drooping  external  characteristic  is  a  distinct  advan- 
tage, and  the  series-wound  arc-lighter  is  frequently  worked  on  the 
part  of  the  curve  marked  a  b  in  fig.  145.  For  the  proper  working 
of  arc  lamps  a  nearly  constant  current  is  required,  which  implies  that 
the  E.M.F.  on  the  series  of  lamps  must  be  varied  in  proportion 
to  the  resistance  which  at  any  moment  they  present  Now  if  the 
resistance  of  any  one  or  more  lamps  be  decreased  owing  to  the 
carbons  being  fed  together,  or  if  a  lamp  be  entirely  cut  out  of 
circuit,  the  momentary  increase  in  the  external  current  is,  in  the 
case  of  a  series-wound  dyna  mo  working  on  a  falling  characteristic, 
accompanied  by  a  decrease  in  the  terminal  volts  :  this  helps  to 
bring  the  current  back  to  its  normal  strength,  and  although  it  may 
not  be  sufficient  to  make  the  machine  entirely  self-regulating 
for  constant  current  at  varying  potentials,  it  tends  in  the  right 
direction,  and  leaves  less  for  the  automatic  constant- current  r^u- 
lator  to  do. 

Series  dynamos  are  unsuitable  for  charging  accumulators,  since 
if  by  any  chance  the  E.M.F.  of  the  machine  be  allowed  to  fall 
below  the  E.M.F.  of  the  cells,  the  latter  send  a  reversed  current 
through  the  dynamo  :  this  reverses  the  field-magnetism,  and  con- 
sequently the  direction  of  the  machine's  E.M.F.  The  result  is 
that  both  dynamo  and  cells  act  in  series  round  a  circuit  of  almost 
negligible  resistance,  and  generate  a  current  which  increases  until 
either  a  safety  fuse  is  melted  or  armature  and  cells  are  damaged. 

While  a  series-wound  dynamo  may  be  made  to  yield  an  ap- 

»  Kapp*s  *  Electric  Transmission  0/ Energy ^^  4th  ed.  p.  179  ff. 
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proximately  constant  current  at  varying  pressure  by  working  it  on 
the  drooping  portion  of  its  characteristic,  it  has  been  shown  that  a 
shunt-wound  dynamo  with  armature  of  low  resistance  will  give  an 
approximately  constant  voltage  over  a  considerable  range  of 
current.  This  latter  requirement,  which  is  the  essential  of  direct 
incandescent  lighting,  is,  however,  much  more  nearly  fulfilled  by 
the  '  compound-wound '  dynamo  (fig.  146),  to  a  consideration  of 
which  we  now  pass.  If  a  dynamo  be  shunt- wound  to  give  a 
certain  voltage  at  no  load,  and  the  magnet  be  in  addition  wound 
with  a  certain  number  of  *  main  '  turns  connected  in  series  with 


Fig.  Z46.— Compound-wound  dynamo. 

the  external  circuit,  then,  as  the  load  is  increased  the  current 
flowing  through  the  series  turns  will  progressively  increase  the 
exciting  power.  Now  this  increase  in  the  exciting  power  may  be 
made,  not  only  to  balance  the  increase  in  the  back  ampere-turns, 
as  more  load  is  thrown  on,  but  further  to  increase  the  total  induc- 
tion through  the  armature.  As  a  consequence  the  induced  E.M.F. 
is  increased,  and  when  properly  proportioned  this  increase  may  be 
made  to  exceed  the  loss  of  voltage  over  the  series  turns,  and  in 
addition  to  compensate  for  the  increased  loss  of  volts  over  the 
armature  resistance.  Thus,  while  the  armature  E.M.F.  rises  with 
the  load,  the  terminal  E.M.F.  remains  practically  constant,  how- 
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ever  the  current  be  varied  over  a  very  considerable  range.  The 
external  characteristic  is  therefore  practically  a  straight  line 
throughout  the  entire  working  range  of  current.  In  the  compound- 
wound  dynamo  the  shunt  may,  in  fact,  be  regarded  as  providing 
a  certain  initial  magnetisation  and  voltage  :  these  latter  are  main- 
tained and  reinforced  against  the  combined  causes  which  tend 
to  reduce  them  by  means  of  the  series  turns,  the  exciting  power 
of  which  varies  directly  with  the  external  current. 

The  connections  of  a  compound-wound  dynamo  may  be 
arranged  in  two  slightly  different  ways,  shown  diagrammatically  in 
fig.   147.   By  the  first,  which  is  also  shown  in  fig.  146,  and  is 


/y 


Its  r  Rm 


Ue 


Short  Shunt 


He 


LoNO  Shunt 


Fia  147. 


known  as  the  '  short-shunt  *  winding,  the  shunt  is  placed  across  the 
brushes  of  the  machine,  and  the  E.M.F.  acting  on  it  is  Eb=F.^ 
-f  CeRmj  the  current  flowing  through  the  main  being  simply  the 
external  current,  c,.  By  the  second,  or  *  long-shunt '  winding,  the 
shunt  is  placed  across  the  terminals  of  the  external  circuit :  the 
E.M.F.  acting  on  it  is  then  e„  while  the  whole  armature  current 
Ca=c,+c,  flows  through  the  main.  Of  the  two  methods,  the  first 
is  the  more  common,  but  their  practical  difference  is  not  very 
important.  As  regards  the  winding  of  the  two  sets  of  magnetising 
coils  on  the  magnet  bobbins,  it  is  purely  a  matter  of  convenience 
whether  the  main  be  wound  over  the  shunt  or  vic^  versd, 

A  constant  speed  and  a  required  constant  voltage  have  been 
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tacitly  assumed  above  for  the  compound-wound  dynamo ;  but 
such  are  not  in  strictness  the  ordinary  conditions  of  working,  and 
it  must  therefore  be  designed  to  meet  the  more  usual  working 
conditions.  When  a  dynamo  is  driven  by  an  engine,  and  forms 
a  considerable  portion  of  the  load  on  that  engine,  the  greater  the 
output,  the  slower  will  be  the  speed  of  the  engine,  even  if  it  be 
governed  for  approximately  constant  speed.  The  difference  of 
speed  between  full  and  no  load  on  an  electric-light  engine  varies ; 
but  it  should  not  exceed  5  percent,  of  the  no-load  speed.  Further, 
if  the  dynamo  be  belt-driven,  there  will  be  extra  slip  of  the  belt  at 
full  load,  which  will  diminish  the  speed  of  the  dynamo;  the 
allowance  of  5  per  cent,  variation  may,  however,  be  taken  to  cover 
this  further  reduction.  Apart  from  this  mechanical  lowering  of 
the  speed,  there  is  also  the  electrical  loss  of  volts  over  the  main 
leads  between  the  dynamo  and  the  lamps,  which  increases  in 
direct  proportion  to  the  current  passing.  If,  therefore,  a  constant 
potential  is  required  at  the  far  end  of  the  line  (as,  for  example,  in 
a  house  with  loo-volt  incandescent  lamps  run  direct  from  a 
dynamo  placed  at  some  distance)  the  dynamo  must  give  a  terminal 
E.M.F.  of,  say,  105  volts  when  supplying  full  current  in  order  to 
allow  for  the  loss  of  potential  over  the  leads.  When,  however, 
only  a  few  lamps  are  burning,  the  dynamo  must  give  little  more 
than  100  volts,  and  for  any  external  current  between  zero  and 
the  maximum,  the  external  E.M.F.  must  be  between  100  and  105 
volts.  Hence  in  such  a  case  the  compound-wound  dynamo 
must  give  a  higher  E.M.F.  at  full  load  than  at  light  loads,  and  that 
at  a  lower  speed.  The  desired  external  characteristic  is  thus  a 
straight  line,  not  horizontal,  but  slightly  inclined  upwards,,  or, 
as  it  is  termed,  the  dynamo  is  to  be  *  over-compounded.* 

Let  us  suppose  that  the  9"  x  12"  dynamo  of  p.  295  has  to  be 
compounded  to  fulfil  the  following  conditions  :  at  650  revolutions 
per  minute,  £^=105  volts  when  0^=62  amperes,  and  at  680  revo- 
lutions E,=  ioo  when  0^=0,  i.e.  the  voltage  is  to  rise  by  5  volts  while 
the  speed  drops  about  /^\  per  cent,  as  the  load  is  increased  from 
no  current  to  full  current. 

To  give  the  required  voltage  at  no  load,  z^  must  be  3,770,000, 
and  from  the  no-current  curve  of  fig.  139  we  see  that  the  shunt- 
winding  must  then  give  x«i=9,62o  amp^re-tums.     At  full  load, 
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allowing  a  loss  of  nearly  6  volts  over  the  armature  resistance  (as 
before),  and  of  i"8  volts  over  the  series-winding,  we  find  that  the 
induced  E.M.F.  must  be  ii2*8  volts ;  the  total  number  of  lines  to 
give  this  E.M.F.  must  be  4,450,000,  requiring  a  total  excitation  of  a 
little  over  14,000  ampere-turns,  say  x=i4,i2o.  At  full  load  the 
exciting  voltage  on  the  shunt  is  106 '8,  if  the  machine  has  a  'short- 
shunt  winding,'  and  the  ampere-turns  due  to  the  shunt  are  then 

x.a=x.i  x^»=962oxi^=io27o. 

Eji  100 

The  ampere- turns  which  the  series-winding  must  produce  at  full 
load  are  therefore  x—x,2=i4i2o  — 10270=3850,  and  the  number 

of  series-turns  is  t,„=— =5^_=62 . 
c,       62 

Assuming  that  a  loss  of  about  445  watts  in  the  field  is  decided 

upon,  we  have  still  to  settle  the  question  of  how  many  watts  are 

to  be  lost  in  the  shunt  and  how  many  in  the  series  or  main  coils 

in  order  that  the  total  weight  of  wire  used  may  be  a  minimum. 

That  the  total  weight  will  vary  with  the  distribution  of  the  loss  of 

energy  between  the  shunt  and  series  coils  is  evident  if  we  consider 

the  extreme  case  in  which  all  the  watts  are  lost  in  the  one  portion 

and  none  in  the  other ;  then,  while  the  one  has  a  definite  weight, 

the  copper  in  the  other  must  be  infinitely  great,  so  that  the  total 

weight  required  will  be  infinitely  great.     It  can  be  shown  that  the 

most  economical  distribution  is  to  make  _!?=:-*,  or,  which  is  the 

w.       X. 

same,  to  make  ^=^  and  ^=5??,*  where  w,  and  w«  represent 

W       X  W         X 

the  watts  to  be  lost  in  the  shunt  and  main  respectively.    We  thus 

»  Neglecting  any  difference  in  the  price  of  the  two  kinds  of  copper  wire. 
To  allow  for  differences  in  the  lengths  of  a  turn  of  the  shunt  and  main,  and 
for  differences  of  temperature,  according  as  the  one  or  the  other  is  wound 
outside,  the  above  formula  may  be  modified  to 


w^  5EI  w 


X,  +  x»A/      ^^^t 
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arrive  at  the  result  that  the  watts  lost  in  the  shunt  should  be 

roughly=445  x  £^^   or  about  325,  and  the  watts  lost  over  the 
14120 

main  about  120. 

The  mean  lengths  of  a  turn  of  the  shunt  and  series  coils  will 
be  slightly  different  according  as  they  form  the  inner  or  the  outer 
layers  of  the  coil ;  and  also  their  temperature  coefficients  will  vary 
slightly,  the  outer  layers  being  less  hot  than  the  inner.  Assuming 
both  shunt  and  main  to  be  equally  divided  between  the  two 
bobbins,  and  the  main  to  be  wound  on  the  outside  above  the 
shunt,  the  mean  length  of  a  shunt  turn  will  be  37I",  and  that  of 
a  series  turn  42"  or  /,=s3*i5  ft.,  /m=3'5  ft.,  while  k^  and  k^  may 
be  estimated  at  i'i4  and  i*i  respectively.  We  are  now  in  a 
position  to  definitely  determine  the  winding.  The  necessary  re- 
sistance of  1,000  ft.  of  the  shunt  wire  is  (by  equation  (31),  p.  319), 

,  100  X 1000 

or  =-- =2*9 , 

9620x3-15  XI-I4 

and  the  necessary  diameter  is  '060".  When  double-cotton-covered 
to  *o75,  there  will  be  124  turns  per  layer,  and  if  there  are  14  layers 
on  each  bobbin,  t,  =  3472,  r,  =  31*6,  or,  when  hot,  36  ohms  ; 

thence  c,i  =15^=277,  and  c,^  =  2'96.     Hence,  under  the 

full-load  condition,  w,  =  320  nearly. 

At  this  point  it  will  be  advisable  to  refer  back  to  the  data 
assumed  above,  so  as  to  verify  the  correctness  of  our  allowances 
for  the  loss  of  volts  over  the  armature  and  series  winding,  and 
of  our  estimate  of  /,  and  4  as  affected  by  the  depth  of  winding. 
The  shunt  current  being  now  determined,  it  will  be  found  that  the 
loss  of  volts  over  r.  will  be  hardly  6  volts.  On  the  other  hand, 
a  loss  of  only  i*8  volts  has  been  allowed  for  the  main,  while  the 
permissible  loss  of  watts  may  be  as  much  as  125,  corresponding 
to  2  volts.  We  may  therefore  assign  1*9  volts  to  the  main, 
and  can  proceed  to  determine  its  necessary  area  (from  eq.  32),  viz. 

•0081  X  3850  X  3-5  xri  ^  .^         i„^h. 
1000  X  1*9 

If  of  rectangular  section  and  wound  in  one  layer  of  31  turns  on 
each  bobbin,  the  width,  which  when  double-cotton-covered  to  a 
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thickness  of  20  mils  will  form  a  complete  layer,  is  '275",  and 
the  required  thickness  of  the  copper  is  therefore  '230". 

Although  a  dynamo  may  compound  perfectly  at  full  and  no 
load,  it  will  not  do  so  with  equal  accuracy  at  intermediate  points. 
This  is  due  partly  to  the  magnetic  curves  being  rounded  between 
the  working  points  of  no  and  full  load,  as,  e.g.^  between  the  limits  of 
3,750,000  and  4,450,000  lines  in  fig.  139,  and  partly  to  the  fact 
that  the  back  amp^re-tums  at  half  current  are  somewhat  less  than 
half  the  back  ampbre-turns  at  full  current,  and  those  at  quarter 
current  less  than  half  of  those  at  half  current,  and  so  on.'  The 
effect  of  these  two  causes  is  seen  in  fig.  148,  which  shows  a  portion 
of  the  magnetisation -curves  of  fig.  139  on  an  enlarged  scale.  At 
no  load  (or  practically  no  load)  the  working  point  of  our  compound- 
wound  dynamo  is  c,  and  at  full  load  f  ;  since  the  length  g  k  gives 
the  increase  in  the  ampbre-tums,  when  the  current  is  increased  up 
to  full  load,  the  increase  in  the  ampfere-turns  at  half  load  will  be 

GH  = ,  and  the  corresponding  z^  on  the  half-current  curve  is 

2 

H  L.  But  for  perfect  compounding  only  hm  lines  are  then  required, 
and  the  result  is  that  theE.M.F.  is  rather  higher  than  it  should 
be  :  this,  of  course,  increases  the  shunt-current,  and  the  excess  of 
E.M.F.  is  thereby  rendered  even  greater.  The  terminal  E.M.F. 
is  higher  than  is  required,  not  only  at  half  load,  but  at  all  loads 
between  zero  and  the  maximum.  The  excess  of  E.M.F.  is  roughly 
proportional  at  any  point  to  the  vertical  distance  between  the  full 
line  c  L  F  and  the  dotted  line  c  m  f,  from  which  it  will  be  seen 
that  it  is  greatest  at  about  half  load.  In  order  to  minimise  this 
imperfection,  a  compound  machine  should  be  worked  as  far  as 
possible  on  the  upper  part  of  the  magnetisation-curves  ;  the  higher 
the  working  limits,  the  flatter  and  more  horizontal  do  the  curves 
become ;  and  the  effects  of  the  unequal  spacing  of  the  inter- 
mediate curves,  and  of  the  increase  of  the  shunt-excitation,  are 
lessened.  But  in  slow-speed  machines,  as,  e.g.^  an  i8-kilowatt 
dynamo,  running  at  250  revolutions  per  minute,  the  percentage 
loss  of  volts  over  the  resistances  of  the  armature  and  main  may 
amount  to  about  8  per  cent,  of  the  terminal  voltage  (6  per  cent, 
in  the  armature,  and  2  per  cent,  in  the  main) ;  allowing  a  further 
*  Due  to  the  shifting  of  the  brushes  necessary  to  avoid  sparking. 
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loss  of  3  per  cent,  in  the  leads  between  the  dynamos  and  the  lamps, 
and  also  a  decrease  in  speed  of  the  engine  at  full  load  of  5  per 
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cent.,  it  will  be  found  that  z^  at  full  load  is   i*ii  x  05  =  117 
times  the  no-load  z^.     In  such  a  case  it  is  practically  necessary 
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to  work  the  machine  on  the  rounded  knee  of  the  magnetisation- 
curve,  since  to  work  higher  up  would  require  an  excessive  amount 
of  main  wire.  It  results  that  slow-speed  machines  and  those 
which  have  to  compound  over  a  large  range  of  E.M.F.  always 
compound  more  or  less  imperfectly,  and  the  terminal  KM.F.  for 
any  current  between  \  and  |  of  full  load  may  be  from  3  to  4  per 
cent,  too  high.  In  machines  running  at  comparatively  high  speeds 
the  voltage  should  not  exceed  the  required  amount  by  more  than 
3  per  cent.,  even  at  the  point  of  greatest  difference. 

Differences  of  temperature  considerably  affect  the  perfection 
of  the  compounding  of  a  dynamo  :  if  it  be  worked  on  the  bending 
portion  of  the  curve  at  no  load,  and  if  the  temperature  of  the 
field-coils  rises  during  working  50°  or  60°  R,  the  machine,  if 
designed  to  compound  when  hot,  will  give  too  high  a  voltage  at 
no  load,  and,  in  general,  as  the  temperature  of  the  dynamo  changes, 
the  relative  value  of  the  shunt-  and  series- turns  is^  altered.  Such 
effects  can  be  compensated  by  inserting  a  small  variable  resistance 
in  the  shunt-circuit,  which  can  be  gradually  short-circuited  as  the 
dynamo  warms  up  during  working. 

The  field  winding  of  separately-excited  machines  can  be  at  once 
calculated  from  the  formulae  of  pp.  319,  320.  Such  machines  are 
never  unstable,  since  the  excitation  is  maintained  from  an  external 
source.  Separate  excitation  is  most  used  in  the  case  of  alternators, 
and  in  machines  which  have  to  yield  a  high  E.M.F.  of  over  300 
volts,  and  a  variable  current. 
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SPARKING,   AND  THE  ANGLE  OF  LEAD 

All  who  have  had  practical  experience  of  the  working  of  dynamos 
will  know  that  in  bi-  or  multi-piblar  machines  giving  a  continuous 
current,  the  brushes  by  which  the  current  is  collected  are  so 
mounted  as  to  permit  of  their  being  shifted  round  the  cylindrical 
surface  of  the  commutator  at  least  through  some  small  angle. 
They  will  also  be  aware  that  if  the  position  of  the  tips  of  the 
brushes,  as  they  press  on  the  commutator,  be  not  properly  adjusted, 
the  result  will  be  '  sparking  at  the  brushes/  The  nature  of  these 
sparks  is  similar  to  the  sparking  which  occurs  on  breaking  circuit 
at  a  switch  :  they  are,  in  fact,  a  succession  of  small  arcs  between 
the  brush  and  commutator  segments  caused  by  the  sudden 
opening  or  breaking  of  certain  closed  paths  in  which  at  the  time 
of  opening  a  current  is  flowing.  As  regards  the  detrimental 
effect  of  such  sparking,  a  certain  difference  must  be  drawn 
between  the  cases  of  closed-coil  and  open-coil  armatures  :  its 
presence,  however,  always  implies  a  waste  of  energy,  and  tends  to 
shorten  the  life  of  the  commutator,  so  that,  even  where  least 
injurious,  its  suppression,  so  far  as  possible,  is  always  desirable. 
The  presence  or  possibility  of  sparking  at  the  brushes  is,  in  truth, 
the  peculiar  bane  of  continuous-current  bi-  or  multi-polar 
dynamos,  as  contrasted  with  alternators  ;  the  current  of  the  latter 
may  require  to  be  collected  by  brushes  or  rubbing-contacts  such 
as  have  been  shown  in  many  previous  diagrams ;  but  the  nicety  of 
adjustment  required  by  the  brushes  of  bi-  or  multi-polar  con- 
tinuous-current dynamos,  if  sparking  is  to  be  minimised  oi 
entirely  avoided,  is  a  disagreeable  characteristic  of  their  whole 
class,  and  is  entirely  due  to  the  presence  of  the  commutator  as 
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opposed  to  the  simple  collecting  rings  of  the  alternator.  The 
requirement  that  the  brushes  of  the  continuous-current  dynamo 
should  be  properly  adjusted  by  no  means  expresses  the  full  extent 
of  the  disadvantage  ;  more  than  this,  the  exact  position  which  the 
tips  of  the  brushes  should  have  on  the  commutator  depends  on 
the  amount  of  the  current  or  load  on  the  armature,  and  hence 
their  setting  further  requires  to  be  varied  to  meet  changes  of  the 
load.  If  the  load  on  a  dynamo  were  never  altered,  the  position  of 
the  brushes  might  be  accurately  adjusted  once  and  for  all,  and  in 
that  position  they  might  be  fixed  ;  but  the  conditions  of  ordinary 
working  are  by  no  means  those  of  constant  load,  and  conse- 
quently it  must  be  possible  to  shift  the  position  of  the  brush-tips. 

Leaving  for  the  present  the  consideration  of  sparking  in 
dynamos  with  open-coil  armatures,  let  us  first  deal  with  the  case 
of  closed-coil  armatures.  In  all  such  machines,  if  the  position  of 
the  brushes  be  incorrect,  a  row  of  sparks  will  appear,  leaping 
across  between  the  commutator  and  the  tips  of  the  brushes. 
These  sparks  may  be  small,  bluish-white  in  colour,  and  compara- 
tively harmless,  or  if  the  inexactness  of  the  adjustment  be  con- 
siderable, they  may  be  of  a  reddish  colour  and  extremely  violent. 
But  in  either  case,  if  allowed  to  continue,  they  will  sooner  or  later 
pit  the  surface  of  the  commutator  segments,  destroy  their  smooth- 
ness and  evenness,  and  heat  the  brushes.  Once  started,  the 
mischief  grows  apace  :  the  commutator  becomes  untrue  and  worn 
into  deep  and  rugged  grooves  ;  increased  sparking  is  caused  by 
the  *  jumping'  of  the  brushes  as  they  pass  from  segment  to 
segment,  and  perhaps  the  tips  of  the  brushes  become  partially 
fused :  thus  the  commutator  is  gradually  eaten  away  until  its 
state  is  past  all  remedy.  To  check  the  evil,  it  is  necessary  to 
continually  trim  the  brush-tips  and  *  true  up '  the  surface  of  the 
commutator  by  turning  it  in  a  lathe,  and  these  often-repeated  pro- 
cesses result  in  a  greatly  reduced  life  of  both  commutator  and 
brushes. 

Sparking  in  closed-coil  armatures  is  therefore  an  unmitigated 
evil,  to  be  overcome  almost  at  any  cost,  and  the  possibility  of 
moving  the  brushes  so  that  the  position  of  their  tips  may  be 
adjusted  to  suit  the  load  on  the  armature  becomes  a  first  necessity. 
It  must  further  be  possible  to  do  this  easily  and  steadily  while  the 


Digitized  by  VjOOQ  IC 


SPARKING,  AND   THE  ANGLE  OF  LEAD        353 

machine  is  running  and  without  in   any  way  interrupting  the 
passage  of  the  current.     In  the  2 -pole  dynamo  this  is  effected 
by  mounting  the   brushes  on  two  arms   projecting  horizontally 
from  a  cast-iron  *  rocking  bar '  or  lever.     This  latter  is  made  in 
two  pieces,  bolted  together  so  as  to  fit  into  a  groove  turned  in 
the  surface  of  the  bearing  next  to  the  commutator ;  it  is  then 
locked  in  position  either  by  a  set  screw  or  more  usually  by  a 
pinching  screw  which  clamps  the  two  halves  together  and  causes 
them   to  closely  embrace  the  turned   portion  of  the  bearing. 
Through   holes  at  opposite 
ends  of   the   rocking  lever 
there  project  two  gun-metal 
spindles,    entirely   insulated 
from  the  iron  by  means  of 
ebonite  or  boxwood  bushes, 
and  rigidly  held  in  position 
by  means  of  nuts  :  the  brush 
boxes  which  hold  the  brushes 
are  threaded  on  the  spindles 
and  firmly  screwed  in  place 
(fig.  149).     Each  brush  box 
is  fitted  with  a  spring,   by 
which  the  brushes  are  kept 
pressed  down  on  the  com- 
mutator,  and    also   with    a 
'hold-off"'  catch,   by  which 

the    brushes    are   held    when  F,c,49.-Brushe.androcking.bar. 

their  tips  are  raised  off  the  commutator  surface.  When  the 
pinching  screw  of  the  rocker  is  slightly  loosened,  the  whole  can 
be  swung  round  concentrically  with  the  cylindrical  commutator 
by  means  of  a  handle  or  handles  on  the  lever.  In  large  multipolar 
machines,  using  as  many  sets  of  brushes  as  there  are  poles,  the 
rocker  takes  the  more  complicated  shape  of  a  star  frame,  through 
the  projecting  rays  of  which  the  insulated  brush  spindles  pass, 
and  it  is  then  usual  for  the  shifting  to  be  effected  mechanically  by 
means  of  a  worm  gearing  into  worm-wheel  teeth  on  a  sector  of  the 
star.     (Cp.  fig.  167.) 

The  exact  nature  of  the  process  by  which  a  section  of  the 
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winding  is  *  short-circuited '  in  a  closed-coil  armature  has  hitherto 
only  been  generally  described.  It  has  been  shown  that  the 
brushes  must  be  placed  so  that  they  sum  up  the  E.M.F.'s  gene- 
rated in  the  sections  forming  one  of  the  two  or  more  parallels  into 
which  the  winding  is  divided,  and  at  the  same  time  so  that  they 
short-circuit  each  separate  section  when  it  is  passing  approxi- 
mately through  the  neutral  gap  between  the  poles,  and  has  there- 
fore little  or  no  E.M.F.  generated  in  it.  Hence,  if  the  field  be 
bipolar,  their  position  will  be  at  opposite  ends  of  a  diameter, 
corresponding  roughly  with  a  position  of  the  short-circuited  coils 
between  the  poles  or  on  a  line  at  right  angles  to  the  general 
direction  of  the  field.  This  preliminary  description  now  requires 
to  be  further  amplified. 

If  the  reader  refers  to  diagrams  fig.  27  or  fig.  107,  it  will  be 
evident  that  in  any  closed-coil  armature,  whether  ring-  or  drum- 
wound,  in  a  bipolar  or  a  multipolar  field,  the  exact  position  rela- 
tively to  the  poles  which  the  loops  or  coils  of  the  winding  occupy 
at  the  time  when  they  are  short-circuited  depends  upon  the 
position  of  the  tips  of  the  brushes  as  they  rest  upon  the  com- 
mutator, and  that  it  is  this  position  of  the  short-circuited  coil 
which  is  in  effect  altered  by  shifting  the  brushes  backwards  or 
forwards  round  the  circle  of  the  commutator  segments.  It  may 
here  not  be  out  of  place  to  point  out  that  the  relative  position  of 
the  line  of  the  brushes  on  the  commutator  and  the  line  passing 
through  the  short-circuited  coils  on  the  armature  core  depends  on 
the  method  by  which  the  coils  are  connected  to  the  commutator 
segments  ;  if  the  lugs  connecting  these  are  straight,  the  two  will 
coincide  in  a  ring  machine,  and  so  also  in  a  drum  machine,  unless 
the  connection  be  made  with  the  end  connectors  nearly  at  their 
centre.  Such  coincidence,  however,  although  usual,  is  not  neces- 
sary, and  in  some  machines  the  commutator  lugs  are  twisted 
round  in  order  to  bring  the  brush  line  into  a  more  convenient 
position.  The  line  of  commutation  must  therefore  always  be 
understood  to  refer  to  the  actual  position  of  the  short-circuited 
coils  on  the  armature  core. 

Considering  any  one  section  of  the  armature  winding  (whether 
a  single  loop,  or  a  coil  of  many  loops),  terminated  by  connection 
to  a  commutator  segment  at  either  end,  let  us  call  that  segment 
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which  first  enters  under  the  edge  of  the  brush  the '  leading '  segment 
of  the  coil,  and,  similarly,  that  edge  or  comer  of  a  pole-piece  under 
which  a  coil  first  enters  after  passing  through  the  gap  between  two 
pole-pieces  the  *  leading  *  edge,  these  being  opposed  respectively 
to  the  'trailing'  segment  and  the  'trailing'  edge  or  corner.^ 
First,  suppose  in  fig.  97  that  the  brushes  are  shifted  slightly  back- 
wards against  the  direction  of  rotation  ;  then,  in  the  ring  armature, 
each  section  of  the  winding,  when  short-circuited,  say  by  the 
upper  brush,  is  brought  into  a  position  where  it  is  still  just  moving 
in  the  field  under  the  N.  pole-piece,  and  the  passage  of  the  coil 
through  this  field,  even  though  it  be  weak,  will  generate  an  E.M.F. 
in  the  same  direction  as  that  of  the  other  coils  under  the  N.  pole- 
piece.  Similarly,  the  coil  short-circuited  by  the  lower  brush  will 
be  moving  through  the  field  under  the  S.  pole-piece.  So  also  in 
the  drum  armature,  the  short-circuited  loops  will  each  be  moving 
through  a  field,  producing  an  E.M.F.  in  the  same  direction  round 
them  as  that  which  was  induced  in  them  immediately  prior  to  their 
passage  under  the  brush.  Now  the  time  during  which  a  coil  is 
short-circuited  will  depend  upon  the  width  of  the  brush  and  the 
speed  of  rotation,  and  is  usually  but  a  small  fraction  of  a  second. 
Thus,  with  a  50-part  commutator  and  brushes  having  a  normal 
width,  equal  to  the  width  of  one  and  a  half  segments  plus  one  and 
a  half  strips  of  insulation,  the  time  of  short-circuiting  is  less  than 
•0015  second,  witha  speed  of  1,200  revolutions  per  minute.  But  dur- 
ing the  brief  time  for  which  the  short-circuit  lasts,  the  E.M.F.  gene- 
rated within  the  limits  of  the  short-circuited  section  is  acting  round 
a  single  coil  of  very  low  resistance,  the  ends  of  which  are  closed  by 
the  practically  negligible  resistance  of  the  brush  contact  surface  : 
hence,  even  though  the  E.M.F.  acts  only  for  a  short  time,  and  be 
itself  small,  amounting,  perhaps,  to  no  more  than  one  volt,  or  even 
less,  it  will  very  quickly  raise  the  current  which  the  coil  is  carrying  to 
a  value  perhaps  several  hundreds  of  amperes  in  excess  of  the  normal 
current  carried  by  the  other  coils  between  the  brushes.  Immediately 
afterwards,  as  rotation  is  continued,  the  leading  segment  of  the 
coil  emerges  from  under  the  leading  edge  of  the  brush,  and  the 
coil  should  then  carry  the  normal  current  flowing  through  the 

^  By  some  writers  these  terms  are  used  in  an  exactly  opposite  sense,  but 
the  above  use  appears  preferable  to  the  authors. 
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other  coils  {e,g,  in  a  bipolar  dynamo,  half  of  the  total  armature 
current),  but  in  a  direction  the  reverse  of  that  which  it  formerly 
had.  Now,  the  large  current  set  up  during  the  short-circuit  cannot 
die  away  instantaneously  owing  to  its  being  interlinked  with  a 
magnetic  system  of  lines.  The  current-turns  of  the  coil  since  they 
surround  a  portion  of  the  magnetic  circuit  react  on  the  field,  so 
that  the  number  or  distribution  of  the  lines  of  the  resultant  field  is 
different  from  what  it  would  be  if  the  short-circuited  coil  were 
absent  When,  by  rotation,  the  leading  edge  of  the  brush  breaks 
contact  with  the  leading  segment  of  the  coil,  and  the  high  resist- 
ance of  the  air-  or  mica-gap  is  interposed,  the  short-circuit  current 
must  fall  in  value,  and  the  cutting  of  the  coil  by  the  field  as  it 
recoils  towards  its  former  distribution  generates  an  E.M.F.,  which 
tends  to  keep,  up  the  old  current  So,  also,  with  the  normal 
current  in  the  rest  of  the  armature.  Hence  the  opposing  currents 
of  the  single  section,  and  of  that  half  of  the  winding  which  it  is 
about  to  join,  both  combine  to  maintain  the  continuity  of  the 
circuits  which  they  were  previously  traversing ;  this  they  do  by 
means  of  sparks  passing  between  the  trailing  edge  of  the  segment 
which  has  just  emerged  from  under  the  brush  and  the  tip  of  the 
brush  itself.  The  result,  therefore,  of  opening  short  circuited 
sections  of  the  winding  while  an  E.M.F.  is  still  induced  in  them, 
similar  in  direction  to  that  of  the  coils  which  they  are  leaving  on 
the  trailing  side  of  the  brush,  is  that  destructive  sparking  ensues ; 
in  other  words,  the  short-circuit  must  not  end  while  the  coil  is 
still  moving  through  the  field  due  to  the  trailing  corners  of  the 
poles. 

Now  the  lines  of  the  field  entering  into  or  leaving  the  armature 
core  shade  off  in  denseness  more  or  less  abruptly  as  we  pass  out 
from  beneath  a  pole-piece  into  the  gap  which  separates  it  from  a 
neighbouring  pole-piece  ;  where  the  lines  just  dip  into  the  core 
and  immediately  leave  it,  is  the  neutral  line  on  passing  which  the 
direction  of  the  E.M.F.  in  the  inductor  changes.  Thus,  if  we 
move  the  brushes  forwards  in  the  direction  of  rotation  and  so 
shift  the  diameter  of  commutation,  we  can  bring  the  coil  so  that 
it  passes  across  the  neutral  line  during  the  time  of  commutation  ; 
the  short-circuit  is  then  not  opened  until  there  is  a  reversing 
E.M.F.  acting  on  the  coil  and  producing  a  current  in  it  in  the 
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same  direction  as  that  which  the  coil  will  be  called  upon  to  carry 
as  it  emerges  from  under  the  brush.  Our  case  is  illustrated  by 
fig.  97,  where  the  coil  short-circuited  e.g.  by  the  upper  brush  is 
slightly  in  advance  of  the  vertical  diameter,  and  is  just  moving  in 
the  fringe  of  lines  under  the  S.  pole-piece  when  short-circuit  ends. 
Although  its  E.M.F.  is  now  in  the  required  new  direction,  the 
passage  of  the  coil  through  this  reversing  field  may  not  raise  its 
current  to  equality  with  the  normal  current ;  yet  any  current 
flowing  in  the  short-circuited  coil  will  mean  an  equal  amount 
withdrawn  from  the  leading  segment  and  diverted  into  the  trailing 
segment.  Only  the  surplus  of  the  normal  current  will  therefore 
be  forced  at  the  end  of  the  period  of  commutation  to  maintain  its 
former  path  to  the  brush  by  leaping  from  the  rear  edge  of  the 
leading  segment  to  the  brush-tip  in  a  rush  of  sparks. 

But  now  let  the  brushes  be  so  shifted  that  at  the  end  of  short- 
circuit  the  E.M.F.,  then  generated  in  the  coil,  exactly  corresponds 
to  the  voltage  required  to  drive  the  normal  current  through  it 
The  opening  of  the  short-circuit  will  then  find  the  coil  carrying 
the  exact  current  required,  the  whole  of  it  having  been  withdrawn 
from  the  leading  segment.  The  commutation  will  thus  be  effected 
without  any  violent  change,  and  consequently  without  any  spark- 
ing. A  reversing  field  is  therefore  required  at  that  part  of  the 
air-gap  where  commutation  ends,  and  this  field  must  be  just  so 
strong  that  the  E.M.F.,  due  to  movement  through  it,  yields  the 
normal  current  through  the  short-circuited  coil.  Thus  in  an 
armature  with  100  sections,  over  which  5  volts  are  expended,  an 
effective  voltage  of  -^(^  of  a  volt  must  be  acting  round  the  short- 
circuited  coil  as  it  leaves  the  brush.  If  the  reversing  field  be 
stronger  or  weaker  than  this,  in  either  case,  although  the  current 
may  be  reversed  into  the  right  direction,  there  will  be  sparking  ;  in 
the  first  case,  the  excess  of  current  generated  in  the  short-circuited 
coil  maintains  its  closed  path  by  sparks,  and  in  the  second  case, 
when  the  current  set  up  is  too  small,  the  current  from  the  other 
coils  causes  sparking.  In  all  cases  of  incorrect  adjustment  of  the 
diameter  of  commutation,  if  the  effect  of  the  sparking  oij  the 
commutator  be  carefully  examined,  it  will  be  found  that  it  is  the 
trailing  edges  of  the  segments  which  are  first  pitted  and  worn  by 
the  sparks,  and  this  shows  that  it  is  caused  by  the  normal  or  the 
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short-circuit  current  maintaining  its  path  by  small  arcs  between 
that  edge  of  a  leading  segment  which  leaves  the  brush  last  and  the 
brush  itself.  Thus,  to  sum  up  and  emphasise  these  results,  the 
passage  of  a  section  of  the  winding  from  one  half  of  the  armature 
into  the  other  half  can  only  be  effected  without  sparking  if  its 
original  current  is  stopped,  and  a  reversed  current  is  started  during 
the  period  of  short-circuit.  In  order  to  effect  this,  the  brushes 
must  be  set  so  that  at  the  end  of  the  short-circuit  the  coil  is  moving 
through  a  field  which  produces  an  E.M.F.  opposed  in  direction  to 
the  current  flowing  in  it  at  the  beginning  of  the  short  circuit  \  i.e. 
commutation  must  end  in  advance  of  the  neutral  line  when  the 
short-circuited  coils  are  within  the  influence  of  the  field  issuing 
from  or  entering  into  the  leading  pole  comers.  Further,  the 
reversed  current  must  be  brought  up  to  a  value  very  approximately 
equal  to  that  of  the  coils  on  the  leading  side  of  the  brush,  within 
the  time  that  elapses  between  entrance  of  the  trailing  segment 
under  the  brush  and  emergence  of  the  leading  segment  on  the 
other  side.  In  practice,  the  proper  position  of  the  brushes  is 
found  by  shifting  the  rocking  bar  slightly  backwards  and  forwards 
until  a  position  is  observable  on  either  side  of  which  the  sparking 
becomes  greater. 

The  reversing  E.M.F.  and  the  current  thereby  generated  will 
depend  on  the  strength  of  the  field  in  which  the  coil  is  then 
moving,  and  on  the  speed  of  movement  through  it.  It  is  therefore 
apparent  that  with  a  given  speed,  armature  winding  and  distribu- 
tion of  field,  the  amount  by  which  the  short-circuited  coils  must 
advance  beyond  the  neutral  line  will  require  to  be  varied  when  the 
strength  of  the  armature  current  is  varied.  As  the  total  current 
passed  through  the  armature  is  increased,  the  new  current  which 
has  to  be  started  becomes  greater  ;  a  stronger  reversing  E.M.F.  is 
therefore  required,  and  the  angular  advance  of  the  brushes  beyond 
the  neutral  line  must  be  progressively  increased  to  keep  pace  with 
the  increased  current.  A  shifting  of  the  brushes  forwards  in  the 
direction  of  rotation,  or,  as  it  is  termed,  'giving  the  brushes 
a  forward  lead,'  is  therefore  necessary  in  a  dynamo  when  the 
armature  current  is  increased,  even  if  the  neutral  line  remains  fixed. 

But  this  is  by  no  means  all ;  the  very  fact  of  increasing  the 
armature  current,  even  if  it  does  not  affect  the  total  number  of 
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lines  passing  from  pole  to  pole,  entirely  alters  the  distribution  of 
the  field.  The  neutral  line  is  itself  shifted  forwards,  or  away  from 
the  vertical  line  of  symmetry  between  the  two  pole-pieces  in  the 
direction  of  rotation,  and,  therefore,  the  forward  lead  of  the 
brushes  reckoned  from  this  S)rmmetrical  line  is  increased.  To 
understand  this  new  problem  it  is  necessary  to  consider  the 
reaction  of  the  armature  current  on  the  field  ^ 

Taking  the  case  of  a  ring-  or  drum-wound  armature  in  a  2-pole 
field  with  currents  flowing  in  its  wires,  we  have  to  ask  what  is  the 
magnetic  effect  of  these  currents  when  the  armature  is  placed 
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Fig.  15a— Magnedc  field  of  amuuure. 

within  the  bore  of  the  pole-pieces.  Two  sheets  of  current  flow 
along  the  surface  of  the  armature  from  end  to  end ;  in  fig.  150 
currents  flowing  up  out  of  the  plane  of  the  paper  or  down  into  it 
arc  indicated  respectively  by  dotted  and  crossed  circles,  and  it  will 
be  seen  that  the  direction  of  the  currents  in  the  inductors  changes 

'  The  general  principles  on  which  the  question  of  armature  reaction  is  to  be 
solved  were  first  published  by  Drs.  J.  and  E.  Hopkinson  in  their  oft-quoted 
paper  reprinted  from  PhiL  Trans.  1886,  in  Original  Papers  on  Dynamo 
Machinery^  pp.  103-111.  These  principles  have  been  further  developed  by 
Messrs.  Swinburne  and  Esson  in  their  two  papers,  entitled  respectively  '  The 
Theory  of  Armature  Reaction  in  Dynamos  and  Motors '  and  <  Some  Points  in 
Dynamo  and  Motor  Design,*  published  in  \ht  Journal  Inst,  Elec.  Eng,  vol.  xix. 
part  85.  The  authors  here  acknowledge  their  general  debt  to  these  several 
papers :  together  with  the  discussions  that  arose  therefrom,  they  contain  a  large 
mass  of  theory  and  fiEu;ts  bearing  on  many  of  the  obscurer  points  in  the  design 
of  dynamos. 
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at  the  diameter  of  commutation  (d  c)  corresponding  to  the  position 
of  the  brushes.  The  general  effect  of  the  two  current-sheets  is 
to  convert  the  iron  armature  into  a  cylindrical  electro-magnet  with 
two  polar  surfaces  at  opposite  ends  of  the  diameter  of  commutation, 
and  stretching  along  the  entire  length  of  the  core.  If  the  arma- 
ture be  ring-wound,  with  the  turns  of  wire  passing  round  and  inside 
the  core,  the  analogy  to  a  pair  of  magnets  of  semicircular  shape, 
each  wound  with  a  magnetising  coil  and  placed  so  that  their  like 
poles  abut  on  each  other  to  form  a  common  N.  and  a  common  S. 
pole,  is  at  once  apparent.  If  the  armature  be  drum-wound,  this 
effect  is  not  immediately  so  apparent,  but  we  may  for  simplicity 
neglect  the  actual  end-connections  of  the  wires  and  imagine 
each  inductor  connected  across,  in  a  plane  at  right  angles  to  the 
diameter  of  commutation,  to  a  corresponding  inductor  on  the 
opposite  side  of  this  diameter.  A  number  of  loops  are  thus 
obtained,  each  carrying  a  current  equal  to  half  the  total  armature 
current,  and  magnetising  the  core  in  a  general  vertical  direction. 
Hence,  whether  the  armature  be  ring-  or  drum-wound,  lines  of 
induction  will  flow  through  the  two  halves  of  the  core  on  either 
side  of  the  diameter  of  commutation,  issue  forth  from  the  lower 
surface  and  circle  round  to  enter  again  at  the  upper  surface ;  or, 
as  it  is  otherwise  expressed,  poles  are  formed  on  the  armature  at 
opposite  ends  of  the  diameter  of  commutation.* 

Apart  from  the  field-magnet  these  lines  of  induction  will  be 
comparatively  few  in  number  (as  shown  in  fig.  150),  but  when  the 
armature  is  surrounded  by  the  iron  pole-pieces,  their  length  of 
path  in  the  air  is  enormously  reduced,  and  a  strong  flow  will  arise, 
passing  through  the  two  pole-pieces  and  traversing  the  short  air- 
gaps  of  the  dynamo.  Fig.  151  serves  to  show  the  course  of  the  in- 
creased number  of  lines  due  to  the  currents  in  the  inductor-loops 
when  the  armature  is  placed  within  the  embrace  of  the  pole-pieces, 
the  magnet  being  otherwise  entirely  unmagnetised.  When  the 
armature  is  rotated,  the  inductors  pass  successively  from  one  half 
of  the  armature  into  the  other,  but  the  current-sheets  remain  fixed 
in  position  on  either  side  of  the  diameter  of  commutation,  and, 

'  In  the  case  of  the  ring  armature  some  lines  will  cross  the  interior  of  the 
ring,  passing  through  the  shaft  and  supporting  hub  (or  spider)  as  indicated  in 
fig.  150. 
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therefore,  the  field  of  lines  which  they  produce  will  likewise  remain 
stationary  and  unchanging.  The  magneto- motive  force  of  the 
armature  ampere-turns  rises  as  we  pass  from  a  central  horizontal 
line  towards  either  the  upper  or  lower  limits  of  the  armature  core. 
Taking  any  angle,  kol,  the  magneto-motive  force  between  the  limits 
k  and  /  is  proportional  to  the  number  of  amp^re-tums  which  they 
include  :  thus,  if  r  =  the  total  number  of  inductors  evenly  spaced 

round  the  armature,  and  the  current  flowmg  in  each  be  r=-  >  the 

magneto-motive  forces  of  the  ampere-turns  summed  up  between 

G  c  B 

k,  l=si'2$6cT-    0=^*256— .  T  . -—--,  where  ^=the  angle  kol 
360  2  300 

expressed  in  degrees.     The  greatest  magneto-motive  force  is  thus 


Fig.  151.— Magnetic  field  of  armature  placed  within  pole-pieces. 

obtained  between  the  extreme  top  and  bottom  of  the  core,  and  is 

there  equal  to  1*256 -^  .  — .     Now,  provided  that  the  area  across 
2      2 

the  narrowest  part  of  the  pole-pieces  be  considerable,  and  the  iron 

be  therefore  free  from  saturation,  either  across  the  neck  or  at  the 

pole-comers,  almost  the  whole  of  the  magneto-motive  force  may 

be  regarded  as   expended  in  producing  the  induction  in  the 

two  air-gaps  traversed  by  each  set  of  lines  on  either  side  of  the 

armature.     The  lines  will  be  densest  towards  the  two  ends  of  each 

air-gap,  where  they  enter  into  or  issue  from  the  pole- tips,  and  will 

thence  gradually  shade  off  to  zero  at  the  central  horizontal  line. 
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Let  us  suppose  that  the  sheets  of  armature  current  shown  in 
fig.  151  are  due. to  rotation  of  the  armature  as  a  dynamo,  say,  in 
a  counter-clockwise  direction  ;  then  in  order  to  produce  armature 
currents  in  the  directions  shown  there  must  be  a  N.  pole  on  the 
right,  and  a  S.  pole  on  the  left  hand,  i.e.  such  a  field  as  that  shown 
in  fig.  44.  If  we  now  compare  together  the  general  direction  of 
the  two  sets  of  lines,  viz.  those  of  fig.  44,  that  would  be  due  to  the 
field-magnet  by  itself,  and  those  of  fig.  151,  due  to  the  armature 
ampfere-turns  alone,  it  will  be  found  that  the  direction  of  the 
lines  due  solely  to  the  armature  current  is  immediately  opposed 
to  the  direction  of  the  field-magnet  lines  in  the  portion  of  the  air- 
gap  under  each  of  the  two  leading  pole-tips  (a,  d)  while  they  are 
in  the  same  direction  under  the  two  trailing  pole-tips  (^,  ^).  But 
when  the  dynamo  is  at  work  and  supplying  current,  the  magneto- 
motive forces  of  both  the  field  ampfere-turns  and  the  armature 
ampbre-tums  are  simultaneously  present,  and  it  remains  to  ask, What 
is  the  actual  distribution  of  the  field  as  resulting  from  the  combined 
effect  of  the  two  acting  together?  In  nature  thereis  onlyone  resultant 
distribution  of  field  produced  which  satisfies  all  the  conditions ;  this 
resultant  field  may  be  arrived  at  by  an  imaginary  superposition  of  the 
two  sets  of  lines,  the  one  on  the  other,  followed  by  a  process  of  com- 
pounding the  two  vectorially,  with  due  regard  to  their  directions, 
sense,  and  strength ;  or  we  may  adopt  the  simpler  course  of  dealing 
solely  with  the  magneto-motive  forces  acting  along  any  closed 
path.  The  diagram  of  the  lines  separately  due  to  the  armature 
will  then  serve  to  bring  before  us  clearly  the  general  direction  of 
the  magneto-motive  forces  of  the  armature  ampfere-turns.  The 
most  important  closed  path  to  be  considered  is  that  approximately 
marked  by  the  letters  a,  e^f^by  in  fig.  151.  The  diameter  of  com- 
mutation is  for  the  present  assumed  to  coincide  with  the  vertical 
line  of  symmetry  between  the  two  pole-pieces.  Since  the  points 
e  and  /  are  taken  nearly  at  the  upper  and  lower  extremes  of  the 
core,  the  magneto-motive  force  of  the  armature  ampere- turns 
between  them  may  be  regarded  as  approximately  equal  to  the 

maximum  value,  i.e.  1*2565*  .  L ;  and  on  our  previous  assump- 

3     2 

tion  that  the  iron  of  the  armature  and  pole-pieces  is  very  far  firom 

^turation,  or  infinitely  permeable,  the  whole  of  this  armature 
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magneto-motive  force  may  be  regarded  as  expended  over  the  two 
air-gaps  at  the  top  and  bottom,  half  over  the  portion  of  the  path 
a  e,  and  half  over  the  portion/^.  Now  over  these  two  air-gaps  the 
direction  of  the  armature  magneto-motive  force  exactly  coincides 
with  the  direction  of  the  magneto-motive  force  impressed  upon  the 
air-gap  as  a  whole  by  the  field  ampere-turns.  In  each  of  these  two 
portions  of  the  closed  path  it  will  therefore  suffice  to  simply  add 
together  the  magneto-motive  forces  acting  there;  due  regard, 
however,  must  be  paid  to  their  sense  or  algebraic  sign,  as  opposed 
to  their  mere  direction,  for,  although  along  fd  the  magneto-motive 
force  of  the  armature  ampfere-turns  exactly  coincides  in  both 
direction  and  sense  with  the  magneto-motive  force  due  to  the  field- 
winding,  along  the  upper  portion  of  the  air-gap  a  e  the  sense  in 
which  the  former  acts  is  from  a  to  e,  or  directly  opposed  to  the 
sense  of  the  latter,  which  is  from  e  to  a.  Let  x,=that  part  of 
the  field-magnet  excitation  which  is  expended  over  the  two  air- 
gaps  on  either  side  of  the  armature,  each  having  a  length  of  Ig  cm.; 
then  the  magneto-motive  force  impressed  by  the  field-winding 
on  each  air-gap  between  the  surfaces  of  a  pole-piece  and  the  core 

is  I '2 56— 2.    We  are  now  in  a  position  to  determine  the  density 

of  the  lines,  or  the  induction,  over  any  small  portion  of  the  air-gap. 
Starting  close  under  the  leading  pole-corner,  a,  the  magneto-motive 
force  acting  over  the  air-gap  a  ^  is  the  difference  between  that  due 
to  the  field  ampbre-tums  and  that  due  to  the  armature  ampere- 
turns,  or  1*256  (??  —  ^  .  ~) ;   and    this   when   divided   by  its 

length,  or  /^  will  give  us  the  induction  in  the  air-gap  at  the  leading 
pole-tip,  or 


.■zfDiLil 


1. ^,  •  " w 

But  at  the  trailing  pole-comer,  ^,  the  magneto-motive  force  of  the 
armature  ampere-turns  assists  that  of  the  field-winding ;  con- 
sequently the  resultant  magneto-motive  force  acting  across  fb'xs 

the  sum  of  the  two,  or  i'256  f  ^  +  Sf  .  '''  ),  and  the  induction 

V2       2      4>/ 
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there  is  as  much  increased  as  it  was  diminished  at  the  leading 
pole -corner,  i.e. 

B",= \2-J_A (37) 

Any  two  other  points  symmetrically  placed  above  and  below  the 
horizontal  line  may  be  taken  ;  the  smaller  the  angle  they  include, 
the  less  will  be  the  difference  in  the  magneto-motive  forces  acting 

over  the  air-gap,  until  finally  at  the  centre  of  the  pole-piece,  _? 

2 

alone  acts,  and  the  induction  there  has  its  average  or  normal  value 


B. 


_r256x^ 


'9 


On  the  other  side  of  the  armature,  the  distribution  of  the 
field  is  altered  in  exactly  the  same  way,  but  now  the  leading  pole- 
corner,  where  the  induction  is  below  the  average,  is  at  d^  and  the 
trailing  pole-tip,  where  the  induction  is  above  the  average,  is  at  c. 
It  should  be  observed  that  the  length  of  the  armature  does  not 
enter  at  all  into  the  question  of  the  induction  of  the  air-gap,  but 
only  affects  the  total  number  of  lines  which  traverse  any  strip  of 
the  air-gap  taken  parallel  to  the  length  of  the  core. 

The  general  result  of  the  reaction  of  the  armature  currents  on 
the  field  is  shown  in  ^g,  152,  from  which  it  will  be  seen  that  the 
field  is,  as  it  were,  displaced  and  twisted  round  in  the  direction  of 
rotation.  The  distribution  of  the  field  or  the  induction  in  the  air- 
gap  on  either  side  of  the  armature,  instead  of  being  uniform  over  the 
greater  part  of  the  bored  face  of  the  pole-piece,  varies  continuously 
from  a  minimum  value  at  a  ^  to  a  maximum  at  bf\  the  densest 
part  of  the  field  is  shifted  up  to  and  beyond  the  trailing  pole-tip, 
while  the  field  under  the  leading  pole-comer  is  weakened.  The 
distortion  of  the  resultant  field  now  corresponds  to  the  inductance 
of  the  armature  current- turns.  If  the  armature  current  be  reduced 
in  strength,  the  lines  would  straighten  themselves  and  cut  the 
inductors,  giving  a  forward  E.M.F.,  and  tendmg  to  keep  up  the 
previous  value  of  the  current.  In  so  doing  the  stored  energy  of 
the  armature  current-turns,  due  to  their  reaction  on  the  magnetic 
field,  would  reappear.     As  we  are  dealing  with  the  resultant  field 
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and  its  distribution  at  any  moment,  the  armature  loops  must  be 
regarded  as  entirely  destitute  of  any  inductance,  whether  self  or 
mutual,  the  rate  at  which  they  are  cut  by  the  lines  of  the  resultant 
field  giving  at  once  their  effective  voltage,  to  which  the  current 
value  corresponds. 

So  far  we  have  assumed  the  diameter  of  commutation  to 
coincide  with  the  vertical  line  of  symmetry,  or  that  the  brushes 
are  given  no  forward  lead  beyond  this  line.  Under  these  condi- 
tions it  is  now  evident  that  the  average  induction  in  the  air-gap. 


Fig.  Z5S.— Magnetic  field  of  dynamo  reacted  on  by  armature. 

or,  taking  into  account  the  length  of  the  armature,  the  total 
number  of  lines  entering  into  it  on  the  one  side  and  leaving 
on  the  other  is  entirely  unaffected  by  the  current-turns  of  the 
armature,  since  the  induction  is  as  much  strengthened  over  the 
one  half  of  each  polar  face  as  it  is  weakened  over  the  other  half. 
The  distribution  of  the  field  has,  however,  been  altered,  and  the 
greater  the  current  passed  through  a  given  armature,  the  greater 
will  be  the  forward  displacement  or  twisting  round  of  the  field. 
Any  such  displacement,  however,  implies  an  equal  displacement 
of  the  neutral  line,  as  is  evident  from  fig.  152,  where  the  line 
fi  w  is  seen  to  be  shifted  forwards  in  advance  of  the  vertical  line 
of  symmetry  between  the  poles.     But  it  has  been  shown  that  at 
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the  end  of  commutation  the  coils  must  be  slightly  in  advance  of 
the  neutral  line ;  theoretically,  therefore,  even  with  a  small  arma- 
ture current,  the  field  will  be  slightly  displaced  and  the  brushes 
must  have  a  very  small  lead.  When,  however,  the  armature 
current  is  very  small,  the  displacement  due  to  its  reaction  is 
negligible.  Further,  a  very  weak  reversing  field  is  sufficient; 
hence  the  diameter  of  commutation  for  no  sparking  at  light  loads 
and  the  neutral  line  will  so  nearly  coincide  with  the  vertical  line 
of  symmetry  that  all  three  may  be  regarded  as  identical.  But 
when  the  armature  current  is  increased,  the  brushes  must  be 
shifted  forwards,  so  that  the  short-circuited  coils  may  overtake 
and  pass  the  displaced  neutral  line  before  commutation  ends. 


wwBiiUB  I     !■ 


Fig.  153.— Amp^e-lunis  of  field  and  annature. 

The  lead  of  the  brush-tips  (reckoned  from  the  no-lead  line  of 
S)niimetry)  thus  becomes  very  much  more  than  the  mere  lead 
beyond  the  neutral  line  with  which  we  first  dealt ;  besides  this, 
it  comprises  the  angle  through  which  the  neutral  line  has  itself 
been  shifted  by  reason  of  the  reaction  of  the  armature  ampere- 
turns  on  the  field.  The  result  of  thus  advancing  the  diameter  of 
commutation  forwards  beyond  the  vertical  line  is  to  introduce  an 
entirely  new  effect.  So  long  as  it  was  vertical,  the  armature 
amp^re-tums  all  tended  to  produce  a  cross-magnetisation,  the 
general  direction  of  which  in  the  armature  was  at  right  angles  to 
the  direction  of  magnetisation  due  to  the  field  alone.  But  now, 
when  the  brushes  are  given  a  forward  lead,  if  the  directions  of  the 
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currents  in  the  inductors  on  the  armature  be  compared  with  the 
directions  of  the  currents  in  the  magnetising  coils  of  the  field,  as 
shown  by  dotted  and  crossed  circles  in  fig.  153,  it  will  be  seen 
that  in  all  the  inductors  lying  between  the  two  vertical  lines  ki^mn^ 
the  direction  of  the  current  is  absolutely  opposed  to  the  direction 
of  the  current  in  those  field-magnet  wires  which  are  on  the  same 
side  of  the  lines  of  the  field.     It  will  assist  us  to  treat  the  problem 
if  we  now  regard  the  inductors  as  con- 
nected together  across  the  ends  of  the  ^ 
armature  in    two  sets  of   turns,    one 
forming  a  coil  in  a  vertical,  and  the 
other  a  coil  in  a  horizontal,  plane.* 
These  are  seen  in  fig.  154,  the  imagi- 
nary end-connections  of   the  vertical 
coil  being  shown  by  full  lines,  and  those 
of  the  horizontal  coil  by  dotted  lines. 
Thus,  inductors  i  and  2  are  equivalent 
to  one  turn  or  loop,  round  which  a 

P  Fig.  X54.— Back  and  cross  ampVre- 

current  of  -5  amperes  flows,  and  simi-  mrns  of  annature. 

2 

larly  inductors  3  and  4  are  equivalent  to  another  turn,  but  in  a  plane 
at  right  angles  to  the  former.  The  entire  number  of  armature 
ampfere-tums  is  divided  into  two  sets,  and  we  are  justified  in  so 
dividing  them,  since  the  effects  of  the  two  are  totally  distinct. 
The  two  vertical  lines  of  fig.  153  are  fixed  in  position  by  the  total 
angle  of  lead,  the  angle  kom  or  Ion  being  equal  to  twice  the  angle 
of  lead  X,  reckoned  from  the  vertical  diameter  or  line  of  symmetry. 
The  belt  of  amp^re-tums  included  between  the  lines  klytnn  are 
in  direct  opposition  to  the  ampere-turns  of  the  field,  and  tend  to 
demagnetise  the  armature  and  field  ;  they  are  therefore  known  as 
the  *  back  ampere-turns '  of  the  armature.  On  the  other  hand, 
the  belt  of  ampere-turns  lying  horizontally  between  the  points  k  I 
01  mn  have  the  same  eflect  as  was  previously  considered  when 
the  diameter  of  commutation  was  vertical ;  that  is,  they  have  a 
cross- magnetising  tendency,  which  distorts  the  field  round  in  the 
direction  of  rotation,  weakening  it  at  the  leading  pole-corners  and 

'  This  method  of  treating  the  subject  was  first  published  in  1887  by 
Mr.  Sy/inXmrne, /aumal  Sac.  TeU  Eng,  vol.  xv.  No.  64,  p.  542. 
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strengthening  it  at  the  trailing  pole-corners ;  they  are  therefore 
known  as  the  *  cross  ampere-turns '  of  the  armature.  Every  con- 
ductor not  situated  on  the  neutral  line  or  at  right  angles  to  it  has 
both  a  cross  and  a  direct  magnetising  tendency,  but  of  those 
situated  under  one  pole-piece  the  forward  tendency  of  one  half  is 
balanced  by  the  back  effect  of  the  other  half,  leaving  them  pure 
cross  loops,  while  of  those  between  the  pole-tips  the  cross 
tendency  of  the  one  half  is  balanced  by  the  other  half,  which 
tend  to  lessen  the  distortion,  so  that  only  their  back  effect  is 
summed  up. 

In  order  to  examine  the  question  of  commutation  more  closely, 
we  must  consider  separately  the  magnetic  effect  of  the  short- 
circuited  loops  and  the  magnetic  effect  of  the  remaining  armature 
loops,  both  being  affected  by  rotation.  Let  us  call  the  undistorted 
system  of  lines  due  to  the  magnet- winding  field  (i),  the  displaced 
field  due  to  the  composition  with  field  (i)  of  the  effect  of  all  the 
armature  loops  except  those  which  are  being  short-circuited 
during  commutation  field  (2),  and  finally  the  actual  resultant  lines 
due  to  the  composition  with  field  (2)  of  the  short-circuited  loops, 
field  (3).  Taking  the  short-circuited  loops  by  themselves,  we  find 
that  during  the  process  of  commutation  they  are  converted  from 
back  into  forward  ampere-turns.  From  this  there  should  result 
an  increase  in  the  total  number  of  lines,  and  a  consequent  storage 
of  energy  in  the  magnetic  field.  Further,  at  the  beginning  of  com- 
mutation, when  they  are  behind  the  neutral  line  of  the  field  (2), 
the  short-circuited  turns  lessen  the  distortion  so  that  the  resultant 
neutral  line  of  the  whole  system  (field  3)  is  behind  the  neutral 
line  of  field  (2).  As  the  old  current  falls  in  the  short-circuited 
loop,  the  neutral  line  of  field  (3)  advances  towards  the  neutral 
line  of  field  (2)  until  when  the  current  is  zero,  the  two  coincide. 
As  the  current  reverses,  the  short-circuit  loops  increase  the  dis- 
tortion, so  that  the  neutral  line  of  field  (3)  is  ahead  of  that  of 
field  (2).  Such  increased  distortion  again  implies  a  storage  of 
energy.  Thus  the  process  of  commutation  regarded  entirely  by 
itself  should  be  a  continuous  process  of  storing  energy.  It  is, 
however,  evident  that  in  a  dynamo  at  steady  work  there  is  no 
continuous  storage  of  energy,  and  hence  it  must  be  that  an  equal 
amount  of  energy  would  otherwise  be  liberated  if  the  short-circuit 
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loops  be  supposed  absent  And  this  is,  in  fact,  found  to  be  the 
case,  if  we  consider  field  (2)  alone,  and  examine  the  eflFect  of 
rotation  upon  it.  As  the  band  of  back  ampfere-turns  moves 
forward  through  the  arc  corresponding  to  the  angular  width  of 
the  brush,  they  are  increased  in  number,  and  the  field  should, 
therefore,  become  weaker — a  process  which  must  imply  a  libera- 
tion of  energy.  Further,  by  the  same  movement,  the  cross 
ampere-turns  as  they  advance  under  the  pole  are  lessened  in 
number  so  that  the  distortion  should  be  reduced,  again  implying 
a  liberation  of  energy. 

Any  alteration  in  the  total  number  of  lines  of  the  field,  whether 
due  to  the  short-circuit  loops  as  explained  above,  or  to  the  remain- 
ing normal-current  loops,  cannot  be  very  large,  as  it  would  be 
damped  by  eddy-currents  in  the  iron  of  the  magnet  and  by  the 
closed  circuit  of  the  field  winding.  Whatever  it  is,  the  magnetic 
effect  of  the  rotation  of  the  short-circuit  loops  is  opposed  to  the 
magnetic  effect  of  the  rotation  of  the  remaining  armature  loops, 
and  if  the  commutation  be  sparkless,  the  two  effects  are  balanced. 
But  even  though  the  total  number  of  lines  remain  unaltered, 
their  distribution  may  vary.  Now  it  has  been  shown  that  while 
the  neutral  line  of  field  (2)  continuously  recedes  during  the  short 
period  of  commutation,  the  neutral  line  of  field  (3)  continuously 
advances  with  respect  to  that  of  field  (2).  The  recession  and  the 
advance  might  be  exactly  balanced,  so  that  the  actual  neutral  line 
of  resultant  field  (3)  remains  fixed  in  space,  and  no  energy  is 
either  stored  or  liberated.  This  is,  in  fact,  the  case  of  a  perfectly 
sparkless  commutation.  At  the  end  of  such  commutation,  the 
current  loops  are  in  every  particular  precisely  the  same,  and 
similarly  distributed  as  at  the  beginning.  But  if  the  reversal  of 
current  is  carried  too  far,  energy  has  been  stored  and  is  liberated 
by  the  spark  when  the  short-circuit  is  opened.  If  the  current 
is  not  reversed  at  all  or  is  not  reversed  enough,  energy  is  liberated 
in  the  system,  and  then  the  deficit  has  to  be  abruptly  made 
good,  so  as  to  restore  the  balance,  the  necessary  accompani- 
ment of  the  sudden  storage  being  a  spark  which  is  entirely  waste 
energy. 

The  back  ampbre-turns  of  the  armature  are  equal  to  the 
product  of  half  the  total  armature  current  into  the  number  of 

B  B 
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inductors  inclosed  within  twice  the  angle  of  lead,  or  if  X  be 
expressed  in  degrees — 

Similarly,  if  ^  =  the  angle  k  0  I  ox  m  0  n,  also  expressed  in 
degrees,  i.e.  =  i8o°— 2X,  the  cross  ampfere-turns  of  the  armature 
are  equal  to 

T-^-sL <39) 

The  relative  proportion  of  these  two  sets  of  ampere-turns  will  of 
course  depend  entirely  upon  the  angle  of  lead. 

The  magneto-motive  force  of  the  cross  ampere-tums  as  summed 
up  between  the  points  k  and  I  or  m  and  n  is  on  the  principle  laid 
down  on  p.  361 

=  1-256  5-.  T.-f,, 

^     2  36o*»' 

and  on  our  previous  assumptions  this  force  may  be  regarded 
practically  as  expended  over  the  two  air-gaps  of  the  cross-circuit. 
Hence  by  the  reasoning  of  p.  363  it  follows  that,  with  a  given 
position  of  the  brushes,  the  induction  within  the  air-gap  at 
opposite  ends  of  the  diameter  of  commutation  or  at  the  leading 
pole  tips,  where  each  section  of  the  winding  is  short-circuited, 
may  very  approximately  be  represented  by 

M  2  2         2       360°;  ^     \'         2  360V    l,r.\ 

^'"  /,  "  2/,  ^^    ' 

Evidently,  if  the  collection  of  current  is  to  be  sparkless,  this 
induction  must  have  some  positive  value  in  the  right  direction  to 
reverse  the  current.  But  from  our  last  equation  for  b'^,  it  appears 
that  if  with  a  given  setting  of  the  brushes  the  armature  current  of 

the  dynamo  be  increased  to  such  a  value  that  -?  .  t  .  -——-  =  x«, 

2  360°        ' 

the  magnetising  forces  of  the  field  and  the  cross  armature-turns  are 

exactly  balanced  along  the  diameter  of  commutation,  and  there  is 

no  field  to  reverse  the  current  in  the  short-circuited  coil.     If  it  be 


Digitized  by  VjOOQ  IC 


SPARKING,  AND   THE  ANGLE  OF  LEAD       371 

still  further  increased,  the  direction  of  the  field  at  the  points  on 
the  armature  surface  corresponding  to  the  position  of  the  brushes 
on  the  commutator  is  actually  reversed  ;  in  both  cases  destructive 
sparking  will  ensue,  and  the  machine  become  unworkable.  The 
remedy  must  therefore  lie  in  shifting  the  brushes  still  farther 
forward  into  a  part  of  the  field  where  the  induction  is  in  the  right 
direction,  and  is  strong  enough  to  reverse  the  increased  current  in 
the  short-circuited  coils.  But  the  very  fact  of  giving  the  brushes 
more  lead  so  that  their  tips  may  pass  the  neutral  line  which  has 
been  displaced  out  of  its  symmetrical  position  by  an  increased 
armature  current  increases  the  back  ampere- turns,  which  tend  to 
weaken  the  strength  of  field.  In  series-  or  compound-wound 
machines  this  weakening  or  demagnetising  tendency  is  partially  or 
entirely  neutralised  by  the  corresponding  increase  of  the  magnetis- 
ing turns  of  the  field-winding  ;  for  the  increased  exciting  power 
of  those  turns  which  are  in  series  with  the  major  part  of  the  arma- 
ture current  will  tend  to  maintain,  and  may  even  increase,  the 
total  strength  of  the  field.  But  in  simple  shunt-wound  dynamos 
it  may  be  asked  how  it  is  that  a  position  can  be  found  where 
commutation  can  take  place  without  sparking ;  since,  as  the 
brushes  are  shifted  forwards  to  overtake  the  neutral  Une,  the  field 
is  continuously  weakened.  The  answer  lies  in  the  fact  that, 
whether  the  machine  be  shunt-  or  series-  or  compound-wound,  in 
all  alike,  as  the  brushes  are  shifted  forwards,  armature  ampere- 
turns  are  progressively  shifted  from  the  belt  of  cross  ampere-turns 
into  the  belt  of  back  ampere-turns,  and  thence,  though  the  total 
strength  of  field  may  be  weaker  and  its  displacement  more  marked, 
yet  the  difference  in  the  strength  of  field  under  the  leading  and 
trailing  pole-comers  becomes  less  ;  as  the  lead  is  increased,  and  the 
angle  0  becomes  less,  the  cross  magneto-motive  force,  viz.  1*256 

5*  .  I  .  __^,  which  acts  differentially  at  the  upper  and  lower  limits 

of  the  field,  weakening  b'^  and  strengthening  b"^,  is  reduced.  It 
is  still  true  that  the  lines  are  crowded  up  towards  one  end  of  the 
polar  surface  and  air-gap,  but  their  density  over  the  air-gap  or  the 
induction  has  more  nearly  one  uniform  value-  Hence  under 
ordinary  conditions  if  the  brushes  are  shifted  far  enough  forwards 
a  reversing  induction  of  the  requisite  strength  should  be  reached. 
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If,  however,  an  abnormally  large  current  be  taken  through  the 
armature  of  any  machine,  the  reaction  of  the  armature  ampire- 
turns  on  the  field  will  become  excessive,  a  very  large  angle  of  lead 
must  be  given  to  the  brushes,  and  the  number  of  demagnetising 
ampfere-tums,  Xe,,  is  therefore  correspondingly  great ;  even  then 
the  cross  ampire-tums  may  remain  so  powerful  that  the  short- 
circuited  coils  are  not  brought  within  the  influence  of  a  reversing 
field.  As  a  consequence,  no  position  can  be  found  for  the  brushes 
where  violent  sparking  does  not  occur.  We  are  thus  met  with  a 
condition  which,  entirely  apart  from  any  question  of  heating, 
limits  the  maximum  current  that  can  be  passed  through  the 
armature,  and  therefore  for  a  given  speed  of  rotation  and  voltage 
limits  the  output  of  the  machine.  The  armature  ampfere-tums  at 
full  load  must  not  be  so  large  that  their  reaction  on  the  field 
renders  sparking  unavoidable ;  a  sensible  field  is  required  to 
reverse  the  current,  and  the  magneto- motive  force  impressed  on 
the  air-gap  by  the  field- winding  must  be  in  excess  of  the  magneto- 
motive force  of  the  cross-ampfere-tums  at  the  ends  of  the  diameter 
of  commutation ;  without  as  yet  laying  down  a  definite  angle  of  lead, 
it  is  evident  that,  after  allowing  for  even  a  large  angular  advance, 

so  far  from  allowing  the  cross  ampere-turns  -*  .  t  .  -^-—  to  nearly 

2  300 

balance  x^,,  they  must  not  be  allowed  to  approach  to  anything  like 

equality.     Practice  has  shown  that  if  the  dynamo  is  to  work 

satisfactorily,  and  to  allow  of  a  slight  temporary  increase  of  current 

above  its  designed  capacity,  the  value  --  .  t  .  -7-^  must  not  be 

2  360 

greater  than  about  — ?.  in  a  drum  machine,  or  ?^  in  a  ring  machine. 

Under  these  conditions,  which  are  fulfilled  in  any  ordinary  dynamo, 
the  short-circuited  coils  can  at  full  load  be  brought  into  a  position 
where  no  sparking  ensues,  by  shifting  the  brushes  forwards ;  a 
process  which  effects  the  desired  end,  since  it  progressively  shifts 
ampfere-tums  out  of  the  belt  of  cross  armature-turns  into  the  belt 
of  back  armature-turns,  and  brings  the  short-circuited  coil  into  a 
denser  field. 

As  will  be  more  fully  described  later,  in  machines  of  good 
design  it  is  seldom  requisite  to  shift  the  brushes  so  far  forward 
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at  full  load  as  to  bring  the  short-circuited  coils  far  under  the 
leading  pole-tips ;  the  full-load  position  is,  however,  often  close 
to  the  leading  pole-tips,  although  more  generally  it  is  just  behind 
them  and  within  the  fringe  of  lines  immediately  extending  slant- 
wise from  them.  It  must  be  remembered  that  the  actual  strength 
of  field  required  to  reverse  even  a  large  current  in  the  short- 
circuited  coil  is  not  very  great,  and  under  ordinary  non-sparking 
conditions  the  induction  at  that  part  of  the  air-gap  where  com- 
mutation ends  probably  seldom  amounts  to  more  than  about  a 

quarter'  of  the  average  value  B-= %— : ,  and  will  usually 

area  of  air-gap 

be  less.     At  first  sight  this  may  seem  to  contradict  our  previous 

requirement  that  at  most  the  cross  ampfere-turns  must  not  be  more 

than  -^-,  since  this  rule  would  appear  to  give  an  induction  b'^,  equal 

to  at  least  one-third  the  average  value,  b^.  The  apparent  contra- 
diction is,  however,  explained  by  the  fact  that  when  commutation 
occurs  outside  the  pole-tips,  the  lines  there  have  a  sloping  direc- 
tion, by  reason  of  which  the  denominator  in  our  equation  for  b'^ 
should  have  some  value,  r^  greater  than  the  normal  Ig. 

Thus  in  any  bi-polar  armature,  when  a  considerable  current  is 
passed  through  it  and  the  magnetic  effect  of  this  is  taken  into 
account,  the  general  distribution  of  the  lines  is  as  shown  in 
fig.  152.  Owing  to  the  cross  amp^re-tums  of  the  armature  the 
diameter  of  commutation  is  in  advance  of  the  line  of  symmetry. 
The  effect  of  the  lead  of  the  brushes  is  to  convert  a  portion  of  the 
armature-turns  into  back  amp^re-tums,  directly  weakening  the 
total  strength  of  the  field,  unless  they  be  counterbalanced  by  an 
increase  in  the  exciting  power  of  the  field-magnet  coils.  The 
fringe  of  lines  at  the  leading  pole-tips  should  shade  off  fairly 
gradually ;  if  the  variation  of  the  induction  be  abrupt,  a  small 
error  in  the  position  of  the  brushes  will  mean  a  large  error  in  the 
strength  of  reversing  field,  the  brushes  will  require  excessive  care 
in  their  adjustment,  and  the  machine  will  be  sensitive  to  any 

*  For  an  approximate  calculation  of  the  induction  requisite  to  reverse  the 
full-load  current  in  an  ordinary  dynamo,  vide  *  The  Theory  of  Armature 
Reactions  in  Dynamos  and  Motors  *  (Swinburne),  Journal  Inst,  EUc,  Eng, 
vol.  ziz.  No.  85,  p.  99 ;  see  also  No.  93,  voL  zx.  pp.  299  and  302. 
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changes  of  the  load.  Hence,  even  apart  from  the  question  of 
leakage  across  from  one  pole-edge  to  the  opposite  edge,  it  is  not 
practicable  to  bring  the  pole-pieces  very  close  together ;  the  direct 
distance  across  from  one  pole-tip  to  the  other  should  bear  a  certain 
relation  to  the  length  of  the  air-gap,  and  a  common  proportion  to 
find  is  that  the  former  is  about  nine  times  4.  In  the  2 -pole 
dynamo  the  angle  subtended  by  the  bored  face  of  the  pole-piece 
usually  falls  within  the  limits  of  120°  and  140°,  a  common  polar  angle 
being  130'',  and  after  allowing  for  the  fringe  of  lines  extending 
beyond  the  actual  edges  of  the  pole-piece,  this  may  be  taken  as 
resulting  in  an  effective  field -angle  of  about  140°. 

The  question  of  saturation  in  the  pole-pieces  as  resulting  from 
the  armature  reaction  on  the  field  depends  entirely  upon  their  shape. 
So  far  the  pole-pieces  have  been  assumed  to  require  httle  or  no 
magnetising  force  at  any  part.  If,  however,  the  pole-corners  are 
rapidly  thinned  off  to  a  fine  edge,  the  magneto-motive  force  of 
the  armature  cross  ampfere-turns  will  not  be  expended  entirely 
over  the  air-gap,  but  some  part  of  it  will  be  spent  over  the 
trailing  pole-corners.  The  only  direct  result  of  this  will  be 
to  reduce  the  distortion,  without  in  any  way  affecting  the  total 
number  of  lines,'  and  so  far  it  is  not  detrimental.  There  may, 
however,  be  indirect  results,  due  to  the  two  pole-pieces  not 
being  affected  in  precisely  the  same  way,  and  any  difference 
in  the  distribution  of  the  field  over  the  two  air-gaps,  while 
hardly  affecting  the  drum  armature,  will  be  prejudicial  in  a 
ring  (see  p.  387). 

Thus,  if  the  upper  comer  of  the  pole-pieces  as  at  /  ^  (fig. 
152)  be  cut  off  too  sharply,  the  induction  at  the  trailing- 
comer  c  will  be  throttled,  although  there  will  be  no  corresponding 
throttling  at  the  other  trailing  pole-corner,  b.  In  such  a  case, 
therefore,  the  values  of  the  induction  at  different  points  along  the 
one  polar  arc  from  c  to  d  will  not  correspond  exactly  with  the 
values  at  diametrically  opposite  points  of  the  air-gap  under  the 
other  pole-piece,  and  the  resultant  distribution  of  the  field  will 
not  be  symmetrical  in  accordance  with  our  definition  of  p.  281. 

*   Vide  an  interesting  paper   on  *The  Relation  of  the  Air-gap  and  the 
Shape  of  the  Poles  to  the  Performance  of  Dynamo-electric  Machinery  *  ( Ryan 
reprinted  in  Electrician,  October  9,  189 1. 
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Again,  it  will  be  seen,  from  fig.  152,  that  in  the  pole-piece  on 
one  or  other  side  of  the  armature  (in  the  diagram  on  the  right 
side)  the  greater  part  of  the  field  is  forced  to  continue  its  path 
upwards  through  the  pole-piece  across  the  neck  at  n  :  a  contracted 
area  of  iron  across  this  part  may  thus  become  saturated  and 
throttle  the  lines,  while  on  the  other  side  no  such  throttling  will 
take  place  ;  again,  therefore,  the  distribution  of  the  field  becomes 
unsymmetrical  on  the  two  sides.  Prevention  of  the  displacement  of 
the  field  by  a  contracted  area  of  iron  across  the  neck  would  be  in 
itself  an  advantage,  but  in  single  magnet-fields  it  cannot  be  secured 
without  producing  a  want  of  symmetry.  Attention  has  already 
been  drawn  (p.  277)  to  the  necessity  of  providing  sufficient  area 
across  the  narrow  necks  of  the  pole-pieces,  but  now  it  further 
appears  that  on  the  one  side  more  than  half  of  the  lines  will  have 
to  pass  through  that  area.  In  double-horseshoe  fields  we  are 
not  met  by  the  same  difficulty,  and  it  becomes  possible  to  reduce 
the  area  of  iron  across  the  neck  c  on  the  line  a  ^  in  figs.  125 
and  126,  or  even  to  split  the  fields  along  that  line;  the  dis- 
tortion of  the  field  by  the  cross  ampfere-tums  is  thereby  lessened, 
and  hence  the  double  horseshoe,  apart  from  other  reasons, 
can  be  made  to  yield  a  more  symmetrical  field  than  the  single 
magnet' 

The  exact  lead  which  the  brushes  will  require  for  a  given 
armature  current  it  is  almost  impossible  to  determine  by  calculation 
with  complete  certainty,  since  to  accurately  map  out  the  distribu- 
tion of  the  field  in  the  interpolar  space,  and  immediately  under 
the  leading  pole-tips,  would  be  a  most  complex  problem  ;  yet  until 
the  lead  is  known,  the  relative  values  of  the  cross  and  back 
amp^re-tums  are  also  unknown.  Now  the  quantity  Xj  has 
already  appeared  in  Chap.  XV.  as  the  number  of  ampfere- 
tums  that  must  be  added  to  the  field  ampfere-turns  in  order  to 
counteract  the  demagnetising  tendency  of  the  armature  current 
when  a  lead  has  been  given  to  the  brushes.  When,  therefore,  in 
designing  a  dynamo,  it  is  required  to  know  X{,  in  order  to  determine 
the  field-winding,  it  will  be  necessary  to  fall  back  on  the  evidence 
furnished  by  similar  machines  already  built  and  tested.  A  maxi- 
mum limit,  which  is  usually  observed  in  machines  of  good  design, 
i  VitU  Syi'mhoxtiAt /aurnal  Inst,  Elec,  Eng,  voL  xix.  No.  85,  pp.  95-97. 
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has  already  been  implicitly  laid  down.  If  the  short-circuited  coils 
at  full  load  are  brought  nearly  up  to  the  pole-tips,  and  the  normal 
polar  angle  is  taken  at  about  130°,  the  greatest  angle  of  lead  will 

be    something    less    than    ^—  =  20®.      This,   however, 

2 

implies  that  the  armature  is  loaded  to  the  maximum  number  of 
ampfere-turns  permitted  by  considerations  of  sparking ;  the  angle 
of  lead  at  full  load  is  usually  not  so  great,  and,  although  no  definite 
rule  can  be  laid  down,  an  average  value  may  be  set  as  falling 
within  the  limits  of  8°  and  13°.  After  a  machine  has  been 
tested,  the  actual  back  ampfere-turns  as  determined  by  the  known 
angle  of  lead  may  be  compared  with  the  number  that  appears  to 
be  required  in  order  that  the  actual  exciting  power  on  the  magnet 
may  agree  with  the  calculated ;  if  there  is  any  discrepancy  between 
the  back  ampere-turns  apparently  required  and  the  actual  number, 
the  reason  can  only  be  sought  in  the  somewhat  vague  nature  of  the 
data  which  the  designer  has  before  him  as  to  the  exact  lengths 
of  paths  or  quality  of  the  iron.  It  has  been  contended  that 
the  increased  reluctance  of  the  trailing  pole-comers  due  to  their 
becoming  saturated  by  distortion  may  result  in  an  absolute 
reduction  in  the  total  number  of  lines  passing  through  the 
armature ;  ^  but  such  an  effect  can  only  be  due  to  the  back 
ampfere-tums.  If  the  data  employed  in  the  calculations  of  Chap. 
XV.  were  strictly  accurate,  the  lengths  and  state  of  saturation 
being  estimated  and  varied  to  suit  the  circumstances  of  each 
case,  no  discrepancy  should  be  found  between  the  back  ampere- 
turns  of  the  dynamo,  as  deduced  from  the  lead  of  the  brushes, 
and  the  actual  performance  of  the  machine.^  As,  however, 
such  accuracy  would  be  almost  impossible  of  attainment,  the 
error  is  on  the  safe  side  if  in  designing  we  assume  the  lead  to 

*  This  view  is  taken  in  the  above-quoted  paper  of  Prof.  Ryan,  and  was 
adopted  by  the  authors  in  the  first  edition  of  the  present  book :  they  now, 
however,  believe  that  it  is  untenable,  the  only  possible  effect  of  cross  ampere- 
turns  proper  being  distortion,  and  that  it  is  not  borne  out  by  Prof.  Ryan's 
curves. 

"^  Since  the  above  was  written,  Dr.  Hopkinson  has  fully  established  the 
correctness  of  his  original  equations  for  the  back  and  cross  amp^re-tums  in  a 
further  paper  reprinted  in  Original  Papers  on  Dynamo  Afackinery,  pp.  134-147. 
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be  slightly  greater  than  it  will  probably  be;  or,  in  other  words, 
if  we  allow  a  margin  in  the  value  assigned  to  the  angle  X  in  the 

expression  X6=Cft  .  t  .  -—5.     Any  eddy-currents  in  the  armature 

or  pole-pieces  exert  a  demagnetising  effect  on  the  field,  exactly 
analogous  to  that  of  the  actual  back  ampere-turns  ;  if  present  in 
the  inductors  themselves,  they  further  directly  increase  the  angle 
of  lead  required,  and  may  considerably  add  to  the  difficulty  of 
avoiding  sparking. 

Not  only  does  the  reaction  of  the  armature  current  increase 
the  necessary  weight  of  copper  on  the  field,  but,  in  the  case  of 
compound-wound  machines,  as  explained  in  Chap.  XVI.,  it  renders 
the  regulation  for  constant  potential  at  varying  loads  less  perfect 
than  it  would  otherwise  be.  On  the  other  hand,  as  mentioned  in 
the  same  chapter,  in  the  case  of  series-wound  machines  for  arc 
lighting,  it  may  be  taken  advantage  of  to  assist  the  self-regulation 
for  constant  current. 

In  order  to  obviate  the  necessity  for  shifting  the  brushes  as  the 
load  varies,  small  extra  pole-pieces  have  been  employed,  these 
being  so  placed  as  to  supply  a  field  in  which  to  reverse  the 
armature  sections.  They  are  excited  by  magnetising  coils  in  series 
with  the  armature,  and  are  provided  with  sufficient  ampere-turns 
to  slightly  more  than  counterbalance  the  effect  of  the  armature 
ampere-turns.  When  such  *  reversing'  pole-pieces  are  used,  the 
brushes  do  not  require  to  be  moved  to  meet  alterations  in  the  load, 
and  a  further  advantage  is  that  there  are  no  back  ampbre-tums. 
Owing,  however,  to  practical  difficulties  in  its  application,  this 
device  has  not  as  yet  met  with  much  favour.* 

When  designing  a  dynamo  the  approximate  angle  of  lead  at 
fiiU  load  must  be  known  not  only  in  order  to  estimate  the  value 
of  Xft,  but  also  in  order  to  determine  the  cross  ampire-turns  of 
the  armature  as  bearing  on  the  question  of  sparking.  It  further 
remains  for  us  to  consider  the  closely  related  question  of  why  the 
diameter  of  commutation  in  machines  of  good  design  is  seldom 

•  Vide  Swinburne,  Journal  Inst,  Elec.  Eng.  vol.  xix.  No.  85,  pp.  105-107; 
also  ibid.  No.  86,  p.  227,  and  vol.  xx.  No.  93,  p.  30a  See  also  Sayers* 
PatenU,  Nos.  16,572,  1891,  and  10,298,  1893. 
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brought  under  the  leading  pole-comers  unless  the  maximum  rated 
armature  current  be  exceeded. 

When  the  armature  current  is  increased  from  a  very  small 
value,  and  a  lead  has  to  be  given  to  the  brushes,  the  first  result  of 
shifting  the  diameter  of  commutation  forwards  away  from  the 
vertical  line  of  symmetry  is  to  bring  the  short-circuited  coil  within 
the  more  clearly  marked  fringe  of  lines  issuing  out  of  or  entering 
into  the  leading  pole-tips.  As  the  armature  current  is  further  in- 
creased, this  fringe  of  lines  is  gradually  driven  inwards  under  the 
leading  pole-tips  by  the  increasing  cross  ampire-tums  of  the 
armature,  ^and  a  further  forward  lead  is  necessitated,  until  with  a 
still  larget  armature  current  the  advance  of  the  brushes  to  avoid 
sparking  has  brought  the  short-circuited  coil  close  up  under  the 
pole-tips.  The  current  might  still  be  increased,  and  the  brushes 
might  be  shifted  forwards  until  the  diameter  of  commutation  falls 
some  distance  under  the  pole-pieces  ;  the  armature  ampire-tums 
might  even  then  not  be  so  great  as  to  entirely  prevent  the  require- 
ments of  p.  372  from  being  fulfilled,  and  hence  theoretically  there 
should  be  a  position  where  no  sparking  would  occur.  Yet  in 
practice  such  a  position  could  with  difficulty  be  found,  save  under 
somewhat  abrormal  conditions  and  in  dynamos  of  special  design 
and  peculiarly  proportioned. 

The  variation  in  the  density  of  the  field  in  the  air-gap  as  we 
pass  from  the  neutral  line  up  to  and  under  the  pole-comers  is 
always  more  or  less  abmpt,  but  when  the  diameter  of  commutation 
is  almost  or  entirely  under  the  leading  pole-comers,  the  change 
of  induction  for  small  movements  away  from  the  neutral  line, 
especially  on  the  leading  side,  becomes  very  marked — much  more 
so  than  when  little  lead  is  required,  and  the  coils  are  short- 
circuited  in  the  middle  of  the  interpolar  gap.  If,  therefore,  the 
conditions  for  non-sparking  require  the  diameter  of  commutation 
to  be  brought  well  under  the  leading  pole-comers,  a  very  small 
difference  in  the  position  of  the  short-circuited  coils  relatively  to 
the  poles  means  a  large  difference  in  the  reversing  E.M.F.  set  up 
in  them.  Now  the  inductors  of  a  dynamo  are  seldom  exactly 
evenly  spaced  round  the  circumference  of  the  armature,  while  it 
is  to  be  presumed  that  the  commutator  sections  are  all  of  equal 
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width,  and  arranged  with  almost  perfect  symmetry.  Hence,  even 
if  the  greater  number  of  the  sections  of  the  winding  are  short- 
circuited  in  a  field  of  the  right  induction,  the  remainder  will  not 
occupy  exactly  the  same  position  when  they  are  short-circuited. 
As  a  consequence,  therefore,  of  the  diameter  of  commutation 
being  well  under  the  polar  surfaces,  any  want  of  regularity  in  the 
spacing  of  the  coils  will  cause  sparking,  and  even  if  confined  to  a 
few  coils  wiU  render  it  difficult  to  work  the  machine  satisfactorily. 
Apart,  however,  from  any  other  reasons,  a  dynamo  in  which  the 
diameter  of  commutation  at  full  load  is  under  the  pole-pieces, 
even  if  the  brushes  can  be  adjusted  so  as  to  be  sparkless,  is  very 
sensitive  to  small  changes  of  load,  since  a  very  slight  alteration  in 
the  armature  current  materially  alters  the  distribution  of  the  field 
near  the  pole-comers.  Hence  it  is  decidedly  inadvisable  to  load 
an  armature  with  so  much  current  that  the  diameter  of  commuta- 
tion is  brought  under  the  leading  pole-tips. 

It  may  be  assumed,  therefore,  that  in  machines  of  good  design, 
having  armatures  well  loaded  with  ampere-turns,  the  diameter  of 
commutation  at  full  load  is  near  the  leading  pole-tips,  but  if  any- 
thing is  slightly  behind  them,  and  on  this  assumption  it  is  possible 
to  push  our  conclusions  to  a  further  and  most  important  result* 
So  far,  the  armature  cross  ampere-turns  have  been  expressed  in 
terms  of  B,  the  angle  as  fixed  by  the  diameter  of  commutation 
(fig.  153),  and  it  has  been  stated  generally  that  these  cross  ampere- 
turns  should  not  exceed  — ^  in  drum-  or  _?    in    ring-machines. 

Now  if  the  diameter  of  commutation  be  just  behind  the  polar- tips, 
we  may  for  0  substitute  <^,  the  arc  of  embrace  of  the  pole-piece, 
plus  a  small  margin  of  allowance  for  the  fairly  dense  fringe  of  lines 
immediately  outside  the  actual  polar  angle.  When  designing  a 
dynamo  the  average  density  which  the  lines  must  have  over  the 

*  The  consequences  which  follow  from  the  above  assumption  were  first 
pointed  out  by  Mr.  Swinburne  in  his  paper  *  On  the  Theory  of  Armatiire 
Reactions  in  Dynamos  and  Motots,'  Journal  Insi.  Elec.  Eng,  vol.  xix.  part  85, 
pp.  97-103,  and  have  been  further  elaborated  by  Mr.  Y^s^iiy  Journal  Inst.  Elcc. 
Eng,  vol.  XX.  part  93,  *  On  the  Design  of  Multipolar  Dynamos.'  To  these 
two  papers  the  authors  owe  much  of  that  which  follows. 
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whole  area  of  the  ur-gap  is  known,  and  also  the  length  of  the  gap ; 
hence  x^=*8b^  .  2/^  is  known  at  the  outset,  and  substituting  this  in 
the  equations  of  pp.  370  ff.  we  obtain  as  the  maximum  permissible 
number  of  cross  amp^re-tums  on  a  bipolar  drum  armature 

2  *    '  360°         I'S      ' 
or  for  a  ring  armature 

Cg  ^        ^    _'8B,.2/^ 

2  '    '360°  2 

Thence  the  maximum  number  of  ampire-tums  that  the  bipolar 
armature  can  carry  without  great  liability  to  sparking  is  immediately 
deducible,  viz.  for  drum  armatures 

Ca  t_-8Bj.  2/^x360^ 


or  for  ring  armatures 


2 

1 

2                3X^ 

=96b,.2/ 
*       * 

Ca 

T  _  -Sb,  .  2/,  X 

36o» 

2 

2                     4X^ 
_72B,.2/, 

It  will  be  observed  that  the  magnetising  ampfere- turns  of  the 
armature  are  in  a  bipolar  dynamo  equal  to  half  the  total  armature 
current  multiplied  by  half  the  total  number  of  inductors,  or,  as  it 
may  otherwise  be  expressed,  to  the  single  current-sheet  formed 
by  the  ampferes  flowing  in  half  the  inductors,  i.e.  in  the  semicircle 
corresponding  to  one  pole.  Let  these  magnetising  ampere-turns 
be  expressed  by  a,^,  and  in  any  dynamo,  whether  bi-  or  multi-polar, 
let  us  call  the  product  of  the  current  c  flowing  in  each  inductor 
and  the  total  number  of  inductors  t,  the  *  ampfere-stream '  envelop- 
ing the  armature,  i.e.  a,  =  rr,  the  actual  direction  of  the  two  or 
more  sheets  of  current  into  which  the  ampere-stream  is  divided  by 
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the  brushes  being  disregarded.^  Then  in  the  bipolar  dynamo  the 
magnetising  ampere-turns  a^  are  equal  to  half  the  ampere-stream  ; 
consequently  the  maximum  permissible  value  for  the  armature 

ampere-stream  will  be  a.=?5%^  for  drum  or  M4^Li£4for 

9  9 

ring  armatures.  We  have  thus  arrived  at  an  expression  for  the 
maximum  load  that  a  given  armature  can  carry  as  determined  solely 
by  considerations  of  sparking ;  all  questions  of  heating  are  for  the 
present  held  over,  but  if  the  machine  is  not  to  be  very  sensitive  to 
changes  of  load,  and  if  it  is  to  allow  of  a  slight  temporary  increase 
of  the  armature  current  above  its  rated  output  without  sparking, 
then  the  product  cr  or  a,  must  not  exceed  the  values  given  by 
the  above  equations.  The  rules  thus  laid  down  must  of  course 
be  regarded  as  more  or  less  elastic,  but  they  will  be  found  of 
very  great  service  in  designing  as  indicating  the  nature  of  the 
sparking  problem  and  the  limits  beyond  wh'ch  it  is  inadvisable 
to  load  an  armature.  Economy  in  manufacture  would  dictate 
the  loading  of  the  armature  with  as  large  an  ampere-stream  as 
possible,  since  oiit  of  the  whole  cost  oi  :he  machine,  from  one 
third  to  one  half  must  be  credited  to  the  armature,  and  to 
increase  the  output  of  a  given  dynamo  nothing  is  easier  than 
to  increase  the  current  taken  out  of  the  annature.  It  is  now, 
however,  seen  that,  apart  from  any  question  of  heating,  the 
output  is  directly  limited  by  the  separate  consideration  of  spark- 


It  will  further  be  seen  that  the  maximum  ampire-stream  that 
can  be  carried  is  entirely  independent  of  the  length  of  the  armature ; 
it  varies  directly  as  the  average  induction  and  length  of  the 
air-gap,  and  inversely  as  the  polar  angle.  If  a  large  ampere-stream 
is  to  be  carried  with  a  given  density  oi  lines  and  length  of  air-gap, 
the  polar  angle  must  be  reduced  ;  this,  however,  as  a  general  rule, 
does  not  vary  much  on  either  side  of  130^.     Adopting  an  average 

^  The  convenience  of  considering  this  proc'uct  will  be  found  later  to  lie  in 
its  ready  applicability  to  the  case  of  bi-  and  multi-polar  machines  alike,  how- 
ever they  may  be  wound  :  this  advantage  was  first  brought  into  prominence 
by  Esson,  Journal  Inst,  Elec  Eng,  {loc,  cit.),  where,  however,  the  name 
assigned  to  it  b  the  *  volume  of  current,'  instead  of  the  '  ampere-stream '  of  the 
armature. 
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value  for  <^,  the  maximum  ampere-stream  is  thus  limited  by  the 
values  of  b^  and  4.  An  increase  in  either  or  both  directly  affects 
the  ampere-turns  required  from  the  field-winding  :  it  is  inadvis- 
able to  increase  b^,  much  above  6,000,  and  unless  it  be  otherwise 
necessary,  /^  need  not  be  more  than  is  just  sufficient  to  admit  the 
height  of  the  insulated  inductors,  together  with  the  necessary 
clearance  for  rotation.  In  bipolar  dynamos  the  radial  depth  of 
iron  in  the  armature  core  may  be  taken  as  proportional  to  its  ex- 
ternal diameter ;  if,  therefore,  the  induction  in  cores  of  different 
diameters  be  kept  constant,  the  total  number  of  lines  flowing 
through  an  armature  of  given  length  is  proportional  to  the  diameter. 
Assuming  a  constant  field  angle  of,  say,  140°,  the  length  of  the 
arc  of  the  field  is  also  proportional  to  the  diameter,  and  therefore 
the  area  of  the  air-gap  is  altered  in  the  same  proportion  as  the 
total  number  of  lines,  z^  ;  that  is,  the  induction  in  the  air-gap  b^ 
remains  constant.  Now,  in  bipolar  dynamos  the  ampere-streams 
carried  by  armatures  of  different  diameters  will  be  found  in  prac- 
tice to  vary  roughly  as  the  diameter ;  hence,  if  the  same  non- 
sparking  conditions  are  to  be  maintained  in  the  several  arma- 
tures the  length  of  the  air-gap  l^  must  also  be  proportional  to  the 
diameter. 

Assuming  that  in  a  drum  armature  the  radial  depth  of  the 
core  is  about  "28  of  the  diameter  (d)  in  cm.,  and  that  the  induction 
in  the  armature,  b^,  is  i4)5oo,  the  induction  in  the  air-gap  is 


B^=  ^ 5__ z  =6,000  nearly, 

140 

36^5 


.D.^4^:xL 


which  is  a  fair  average  value.    Further,  assuming  that  /g=  D  x  '0365, 
we  obtain  for  bipolar  drum  armatures 

^  _i92X  6,000  x-o73D^6ooD.     .    .    .     (41) 

Similarly,  if  we  assume  that  in  ring  armatures  the  radial  depth  of 
core  is  "20  and  8^=18,000,  we  obtain  8^=5,300,  and  thence  with 
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the  same  relation  between   the  length  of  air-gap  and  the  dia- 
meter— 


^^  144  X  5,300  X -0730  ^ 


(42) 


for  bipolar  ring  armatures  J 

It  is  thus  clear  that  the  maximum  ampere-streams  carried  by 
bipolar  armatures  may  be  increased  in  direct  proportion  to  an 
increase  in  the  diameter  of  the  core,  but  only  so  long  as  Ig  is  at 
the  same  time  increased  in  the  same  proportion. 


Fig.  155.— Back  and  cross  ampire-turns  of  multipolar  armature. 

So  far  we  have  spoken  only  of  bipolar  dynamos,  but  the  reader 
will  have  little  difficulty  in  transferring  the  same  reasoning  and 
its  conclusions  to  multipolar  machines.  Fig.  155  shows  a  portion 
of  a  multipolar  dynamo,   the  armature  inductors  being  shown 

*  These  same  values  are  given  by  'Ejsson,  Journal  Inst.  Elec.  Eng.  vol.  xx. 
P^t  93,  p.  270,  but  are  there  deduced  from  somewhat  different  premisses 
(p.  275)- 
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connected  together  to  form  the  two  sets  of  amp^re-tums,  cross- 
magnetising  and  demagnetising.  Evidently  the  cross-magnetising 
amp^re-tums  producing  a  twisting  of  the  field  under  each  pole  are 

equal  to  cxr-^,  and  the  demagnetising  ampire-turns  acting 
300 

on  each  magnetic  circuit  are  equal  to  cxr,  -^ ;  the  two  toge- 
ther form  the  magnetising  ampere-  turns  of  the  armature  a^= . 

In  the  case  of  the  bipolar  dynamo  the  magnetising  ampere-turns 
were  equal  to  the  current  sheet  corresponding  to  one  pole,  and  the 
same  is  now  seen  to  be  the  case  in  multipolar  armatures,  whatever 
may  be  the  method  by  which  its  inductors  are  connected  together. 
Thus  the  4-pole  armature  is  divisible  into  four  current-sheets,  the 
direction  of  adjacent  sheets  being  opposite,  and  similarly  the 
6-pole  armature  is  enveloped  by  six  current-sheets ;  in  all  cases 
the  value  of  one  current-sheet  is  the  magnetising  ampere-turns 
on  the  armature.    If  the  winding  be  divided  into  as  many  parallels 

as  there  are  poles,  r=-,  and  the  magnetising  ampire-tums  are 
a^=Sl^  ;  if  the  armature  be  series-wound  in  a  multipolar  field, 


Ab,=  -2 — ,  but  in  either  case  a,»=-«.     The  maximum  permissible 

2P  p 

number  of  cross  ampere-turns  is  again  obtained  by  equating 
c  X  T-?-  to  3_L?_«  or  ^9'^  n  according  as  the  armature  be 
ring-  or  drum-wound.     Taking  the  inferior  limit 


360^     ^360*^  2       ^ 


whence        ^^'8b,.  2/^x3600  ^1443,^, 

2P<^  P0 

Now  if  the  number  of  poles,  p,  be  increased,  the  angle,  <^,  sub- 
tended by  each  must  be  correspondingly  reduced,  and  if  this  re- 
duction be  in  exact  proportion  to  the  increase  of  p,  P0  is  constant 
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It  thence  follows  that,  so  long  as  the  length  and  induction  of  the 
air-gaps  are  maintained  at  the  same  values,  the  magnetising  ampere- 
turns  permissible  on  a  given  armature  are  a  fixed  quantity,  and  totally 
independent  of  the  number  of  poles  by  which  it  is  surrounded. 
But  A,=:p'.  A^  and  therefore  for  a  given  maximum  a«,  the  value 
which  the  ampere-stream  may  have  is  directly  proportional  to  the 
number  of  poles.  If  the  number  of  poles  be  increased  from  two 
to  four  or  six,  and  the  angle  subtended  by  each  be  proportionately 
reduced,  the  maximum  ampere-stream  on  a  given  armature  with 
given  induction  and  length  of  air-gap  may  be  doubled  or  trebled. 
We  have  thus  arrived  at  an  expression  for  the  maximum  permis- 
sible ampere-stream  of  any  armature  which  is  applicable  to  any 
number  of  poles,  and,  further,  is  applicable  whether  the  inductors 
are  connected  together  into  two  parallels  or  as  many  paraUels  as 
there  are  poles.    In  any  closed-coil  armature  the  cross  magnetising 

ampere- turns  acting  on  each  pole  are  equal  to  a,  -^—,  and  the 

360 

demagnetising  amp^re-tums  acting  on  each  magnetic  circuit  are 
A,  -7-3.     The  maximum  cross  ampere-turns   must  not  exceed 

,Q  7 

— 9^ — 9.  in  rings,  and  therefore  the  maximum  permissible  ampere- 
2 

stream  in  all  cases  is 

A,  =y^: A?  for  ring  armatures,       .     .     .     (43) 
9 

or  i92B^ '  ^  g  for  drum  armatures.'  .     .     ,     (44) 

9 

If  with  an  armature  of  given  diameter  and  length  the  poles  are 
increased  in  number,  and  <^  is  similarly  decreased,  then  so  long  as 
Bg  is  kept  constant,  the  total  number  of  lines  cut  by  each  inductor 
in  one  revolution,  viz.  z^p,  is  independent  of  the  number  of  poles. 
The  output,  therefore,  can  only  be  increased  by  increasing  the 
amperes  that  flow  through  the  inductors.  It  will  now  be  seen 
wherein  the  advantage  of  a  multipolar  field  for  large  outputs  lies  ; 

*    Vide  Esson,  Journal  Inst.  Elec.  Eng.  vol.  xx.  part  93,  p.  267. 
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whereas  an  increased  ampire-stream  on  a  bipolar  armature  has 
been  shown  to  necessitate  a  corresponding  increase  in  the  length 
of  the  air-gap,  in  the  case  of  a.  multipolar  field  a  comparatively 
small  air-gap  may  be  retained  even  with  a  large  diameter  and  a 
large  value  for  the  ampere-stream.' 

The  tendency  to  sparking  at  the  brushes  is  considerably  greater 
in  ring-wound  than  in  drum-wound  armatures,  and  on  this  account 
the  maximum  cross  ampfere-turns  of  a  ring  have  in  our  previous 
equations  been  maintained  at  a  lower  value  as  compared  with 
x^  than  in  the  drum.  The  reasons  for  this  inferiority  are  closely 
allied  to  the  fact  that  a  greater  angle  of  lead  is  required  in  the 
ring-wound  armature  than  in  a  drum  of  similar  dimensions,  wound 
with  the  same  number  of  active  inductors  and  divided  into  the 
same  number  of  sections.  The  primary  cause  of  this  must  be 
sought  in  the  greater  resistance  and  the  inductance  of  ring  loops 
as  compared  with  drum  loops,  when  both  comprise  the  same 
number  of  inductors.  Unless  the  armature  be  of  a  very  large 
diameter  as  compared  with  its  length,  the  resistance  of  a  pair  of 
ring  loops  is  greater  than  the  resistance  of  the  equivalent  single 
loop  on  the  drum  armature,  and  in  consequence  the  voltage  and 
strength  of  reversing  field  required  for  a  given  current  round  the 
ring  loops  are  greater.  A  further  cause  lies  in  the  disturbing  in- 
fluence of  the  internal  field  of  lines  produced  within  the  ring  by 
the  armature  ampere-turns.  Fig.  150  shows  that  the  current-turns 
on  the  two  parallel  halves  of  the  ring  unite  to  propel  a  certain 
number  of  lines  across  the  air  from  the  one  side  to  the  other  of 
the  interior  of  the  ring  along  the  diameter  of  commutation.  Any 
such  lines  form  an  entirely  separate  self-induced  field  which  does 
not  blend  with  the  main  field,  but  exists  in  nature  within  the  ring 
in  addition  to  any  reaction  of  the  armature  conductors  on  the 
main  field.  The  cutting  of  this  internal  field  by  the  inner  con- 
necting wires  of  the  short-circuited  sections  will  be  found  to  set 
up  in  them  an  E.M.F.  opposing  the  direction  of  the  E.M.F. 
induced  in  the  external  wires,  and  therefore  again  a  stronger 
reversing  field  is  required  in  the  ring  than  in  the  drum.  To  a 
certain  extent,  the  tendency  towards  greater  inductance  in  the 

'  Esson,  loc,  cit.  pp.  271,  275. 
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ring  method  of  winding  is  counteracted  by  the  fact  that  the 
armature  core  has  usually  less  radial  depth  than  in  the  drum,  and 
is  worked  at  a  much  higher  induction.  The  armature  induction 
has  its  highest  value  at  the  diameter  of  commutation,  and  in  a 
ring  is  usually  about  17,000  or  more ;  hence  the  short-circuiting 
of  one  section  produces  but  a  small  variation  in  the  number  of 
lines  through  it,  owing  to  the  saturation  of  the  iron  core ;  it  is,  in 
fact,  inadvisable  to  work  with  a  lower  induction  in  the  ring  arma- 
ture owing  to  the  increased  self-induced  field  which  would  result. 
Thus,  on  the  whole,  even  if  the  commutator  sections  in  the 
Gramme  ring  are  double  those  of  the  drum,  the  resistance  and 
inductance  of  the  single  ring  loop  are  greater  than  those  of  the 
half  drum  loop  which  is  on  the  surface  of  the  armature.  Hence 
a  stronger  reversing  field  is  required  for  the  ring  armature,  and 
the  lead  of  the  brushes  must  be  greater.  This  in  itself  need  not 
give  rise  to  sparking,  but  for  very  slight  changes  of  the  load  the 
inaccuracy  of  the  adjustment  of  the  brushes  produces  a  more 
violent  sparking  in  the  ring  than  in  the  drum  armature.' 

An  additional  tendency  to  sparking  in  the  case  of  single 
magnet  dynamos  with  ring  armatures,  is  due  to  a  want  of  sym- 
metry in  their  fields,  produced  by  the  causes  described  on  p.  281. 
When  the  field  distribution  is  unsymmetrical  on  the  two  sides  of 
the  armature,  the  correct  position  of  the  two  brushes  will  not  be 
at  opposite  ends  of  a  diameter,  but  one  will  require  more  lead 
than  the  other :  the  prejudicial  effect  of  this,  in  so  far  as  it 
divides  the  armature  winding  into  unequal  portions,  has  been 
described  previously,  and  with  an  even  number  of  commutator 
segments  it  may  further  produce  sparking  owing  to  the  brushes 
not  short-circuiting  sections  simultaneously.  Apart,  however,  from 
any  such  reason,  if  the  field  be  unsymmetrical  at  full  load,  a  very 
slight  change  in  the  armature  current  produces  considerable  altera- 
tion in  its  distribution,  destroys  the  balance  required  for  non- 
sparking,  and  leaves  the  brushes  in  an  incorrect  position.  Again, 
some  of  the  devices  mentioned  on  p.  283  for  neutralising  the 

*  Swinbarae,  Journal  Inst,  EUc.  Eng.  voL  xix.  part  85,  p.  109. 
'  Vide  Swinbarne,  '  The  Theory  of  Armature  Reactions  in  Dynamos  and 
Hotoxs,* /oumal  Inst,  Bf$e,  Eng,  voL  xix.  No.  85,  pp.  95,  96. 
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magnetic  pull  on  armatures  may  effect  that  object  fairly  well,  but 
are  somewhat  apt  to  produce  a  different  distribution  of  the  field 
in  the  top  and  bottom  interpolar  gaps  when  the  cross  magnetising 
forces  of  a  large  armature  current  are  called  into  play.* 

Our  previous  equations  have  so  far  furnished  us  with  a  limiting 
value  for  the  amp^e-stream  of  an  armature,  beyond  which  it  is 
inadvisable  to  go;  since,  if  this  maximum  be  exceeded,  the 
dynamo  will  at  least  be  sensitive  to  changes  of  load,  and  will 
probably  in  everyday  working  spark  badly.  The  question  of  the 
armature  ampere-stream  does  not,  however,  by  any  means  exhaust 
the  problem,  so  far  as  to  determine  whether  a  machine  will  work 
successfully  without  sparking  at  full  load.  We  must  further  con- 
sider the  extent  to  which  the  armature  winding  is  subdivided  into 
sections  by  the  commutator  segments,  for  upon  this  largely  depends 
the  magnetic  effect  of  each  short-circuited  coil,  owing  to  the  pro- 
portion which  its  amp^re-tums  bear  to  the  total  amp^re-tums. 
For  a  given  number  of  inductors,  and  given  normal  armature 
current,  the  reaction  of  each  section  of  the  winding  will  depend 
upon  the  number  of  ttims  included  within  it;  the  fewer  the 
number  of  commutator  segments,  the  larger  the  number  of  turns 
per  section,  and  the  greater  its  effect  on  the  field.  Thus  an  arma- 
ture with  i6o  inductors  divided  into  40  sections,  each  containmg 
four  inductors,  will  not  be  so  free  from  sparking  as  the  same 
armature  with  the  winding  divided  into  80  sections  of  two  inductors 
each :  the  reaction  of  the  coil  of  four  turns  will  be  more  than  twice 
as  great  as  that  of  the  coil  with  two  turns,  and  it  will  therefore 
require  to  be  reversed  in  a  stronger  field,  will  require  more  lead, 
and  in  every  way  will  be  more  sensitive  to  slight  changes  of  load. 
Further,  the  proportion  which  the  ampire-tums  of  the  coil  with  four 
turns  bear  to  the  total  number  being  so  much  greater,  the  short- 
circuiting  of  two  such  coils  simultaneously  if  not  correctly  per- 
formed will  produce  a  much  greater  quivering  or  vibration  of  the 
field,  and  this  effect  will  combine  to  render  the  tendency  to  spark 
greater. 

The  subdivision  of  the  armature  winding  into  a  large  number 
of  small  sections  is  therefore  an  essential  requirement  for  the 
avoidance  of  sparking,  and  the  extent  to  which  it  may  advantage- 
*   VitU  ISxtfotif/ourfuainsi.  EUc,  Eng,  vol  six.  No.  86,  p.  280. 
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ously  be  carried  is  only  limited  by  the  question  of  expense  in 
manufacture  and  the  difficulty  of  dealing  with  very  thin  com- 
mutator segments.  The  armatures  of  closed-coil  machines  for  high 
voltages  of  from  500  to  1,500  volts  necessarily  have  a  considerable 
number  of  turns  per  section,  since  they  are  wound  with  a  large 
number  of  inductors ;  hence,  even  though  the  current  of  such 
machines  may  be  comparatively  small,  special  care  is  required  to 
render  them  sparkless  in  working.     In  the  case  of  ring-machines 
for  moderate  voltages  of  from  50  to  200  volts,  the  number  of  turns 
per  commutator  segment  seldom  exceeds  four  if  the  current  in 
each  inductor  be  greater  than  10  amperes,  while  if  this  current  be 
greater  than  30  to  40  amperes,  it  is  generally  reduced  to  three  or 
two  turns  per  section,  until  finally,  with  over  70  amperes,  it  is 
advisable  to  adopt  as  many  commutator  segments  as  there  are 
turns.     In  drum  armatures,  with  two  loops  per  section,  containing 
four  inductors,  the  amperes  in  an  inductor  may  be  raised  to  about 
50 ;  for  currents  above  this,  each  section  seldom  consists  of  more 
than  one  loop  containing  two  inductors.     In  designing  large  bipolar 
armatures,  especially  if  for  comparatively  low  voltages,  we  are  met 
by  the  further  fact  that  there  is  a  minimum  limit  beyond  which  it  is 
inadvisable  to  reduce  the  total  number  of  commutator  segments — 
a  limit  which  may  be  set  at  about  50.    This  difficulty  is  especially 
felt  in  the  case  of  large  drum  armatures,  where  the  total  number  of 
inductors  required  may  work  out  to  less  than  100 ;  the  maximum 
possible  number  of  segments  is  thus  less  than  50,  even  when  one 
section  of  the  winding  is  limited  to  a  single  loop  of  two  inductors. 
The  required  armature  current  may  be  as  much  as  1,000  amperes, 
and  therefore  each  section  when  short-circuited  is  carrying  500 
ampires.     The  magnetic  reaction  of   such  a  loop  upon  the 
field  is  very  great,  and  the  short-circuiting  of  two  such  loops  out 
of  a  total  numbering  less  than  50  has  proportionately  great  effect ; 
hence,  if  the  reversing  field  in  which  it  is  short-circuited  be  not  of 
the  precise  strength  required,  the  sparking  will  be  violent   Under 
such  circumstances  two  courses  are  open  to  the  designer.    The 
one  is  to  subdivide  the  armature  winding  into  more  than  two 
parallel  circuits  from  brush  to  brush,  the  segments  of  the  two  or 
more  windings  being  formed  into  one  commutator,  and  each 
brush  having  sufficient  width  to  simultaneously  cover  as  many 
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s^ments  as  there  are  pairs  of  paths  from  brush  to  brush.^  The 
advantage  thereby  secured  is  that  the  commutation  of  the  two  or 
more  subdivisions  is  not  contemporaneous,  but  one  is  always  in 
advance  of  the  other :  hence  at  any  moment  the  magnetic  reaction 
of  the  pair  on  the  field  is  less  than  that  of  the  simple  undivided 
loop,  and  any  quivering  of  the  field  due  to  incorrect  commutation, 
although  more  continuous,  is  reduced  in  amount.  Further,  the 
eddy-currents  in  the  armature  bars  are  reduced.  The  alternative 
course  is  to  entirely  change  the  design,  and  adopt  a  multipolararma- 
ture  with  its  winding  arranged  in  as  many  parallels  as  there  are  poles. 
The  brushes  of  closed-coil  dynamos  are  now  most  commonly 
made  of  copper  or  brass  gauze  of  a  fine  mesh  :  this  is  folded 
over  on  itself,  stitched  together  with  fine  C(^per  wire,  and  pressed 
flat.  The  one  end  is  then  lightly  soldered  together,  while  the 
other,  which  is  cut  diagonally  across  the  mesh  to  avoid  fraying  at 
the  tip,  is  trimmed  to  an  angle  so  as  to  bed  evenly  on  the  commu- 
tator surface  over  its  entire  length  and  thickness.  Less  frequently 
brushes  are  made  of  fine  copper  wires  or  thin  sheets  of  copper 
soldered  together  at  one  end.  An  average  thickness  for  the  insu- 
lating strips  between  the  segments  of  smooth-surface  commutators 
is  gV  o^  ^^  vax^  and  the  amount  by  which  the  width  of  contact 
of  the  brush-tip  should  exceed  this  depends  upon  the  length  of 
time  during  which  it  is  advisable  to  short-circuit  each  section  in 
order  to  minimise  the  sparking.  With  a  large  arc  of  contact,  if 
the  neutral  zone  between  the  poles  be  narrow,  or  if  the  coil  be  of 
considerable  width,  an  excessive  current  may  be  generated  at  the 
commencement  of  the  short-circuit ;  while  if  the  brush  be  too 
thin,  the  time  during  which  a  section  is  short-circuited  is  never 
long  enough  to  allow  the  current  to  be  reversed  and  raised  again 
to  its  normal  strength.  As  a  general  rule,  it  is  best  not  to  short- 
circuit  more  than  one  section  at  a  time,  unless  it  be  for  a  mere 
instant,  and  therefore  (except  m  the  case  of  double-  or  treble-wound 
armatures,  alluded  to  above)  the  width  of  brush  contact  should  not 
exceed  the  width  of  one  segment  and  one  insulating  strip  by  more 
than  a  fraction  of  a  segment.  In  ordinary  cases  this  is  obtained  by 
using  a  brush  of  \'  or  ^'  thickness,  so  set  that  it  makes  an  angle  of 

I   Vide  Mather  and  Piatt's  Patent,   1884,  No.  768  ;  and  Nebel's  Pfttcnts, 
1890,  No.  4S24;  and  1891,  No.  2084a 
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about  45^  with  a  line  drawn  tangentially  to  the  commutator 
surface. 

The  contact  produced  by  the  pressure  of  the  flexible  brush  on 
the  commutator  surface  being  at  best  somewhat  imperfect,  an 
appreciable  resistance  is  presented  to  the  passage  of  the  current 
into  or  out  of  the  brush.  Hence  with  large  currents  it  is  im- 
portant that  the  total  area  of  brush-contact  should  be  sufficiently 
large  to  pass  the  current  without  undue  heating  of  the  commu- 
tator or  brushes.  Assuming  that  the  brushes  are  set  approximately 
as  described  above,  a  current  density  of  200  amperes  per  square 
inch  of  brush  cross-section  may  be  taken  as  a  normal  allowance, 
insuring  sufficient  contact-surface  on  the  commutator.  In  some 
cases  carbon  brushes  are  employed,  since  by  their  greater  resist- 
ance of  contact  and  non-metallic  nature  they  assist  in  suppressing 
sparking :  the  current-density,  however,  must  not  be  allowed  to 
exceed  50  amperes  per  square  inch,  and  hence  for  large  currents  a 
great  number  of  brushes  and  length  of  commutation  surface  are 
required.  The  width  in  which  brushes  are  usually  made  varies 
from  \"  to  2",  but  the  latter  dimension  is  seldom  exceeded,  since 
it  then  becomes  troublesome  to  maintain  proper  contact  along  its 
entire  bearing  surface.  Hence,  to  carry  any  considerable  current, 
two  or  more  brushes  are  mounted  in  line  on  each  arm  of  the  rocking- 
bar,  forming  in  effect  one  wide  brush.  This  arrangement  further 
renders  it  possible  to  adjust  each  brush  separately,  or  even  to 
remove  one  temporarily,  without  interrupting  the  current ;  and  this 
advantage  is  so  great  that  every  dynamo  which  is  more  than  a 
toy  should  invariably  be  furnished  with  at  least  two  brushes  on 
each  arm,  each  brush  being  of  such  width  that,  if  one  be  removed, 
the  other  can  temporarily  carry  the  whole  current. 

The  pressure  of  the  brush-tips  on  the  commutator  may  be  ad- 
justed by  altering  the  tension  of  the  '  hold-on '  spring.  '  Jumping ' 
of  the  brushes,  due  to  vibration  of  the  machine  when  running, 
must  be  carefully  avoided,  since  it  will  give  rise  to  sparking,  and 
on  this  account  a  substantial  rocking-bar  with  strong  but  light 
brush-holders,  capable  of  being  firmly  fastened,  is  an  essential  part 
of  a  well-designed  and  well-built  d3mamo.  The  brushes  should 
then  bear  lightly  and  evenly  on  the  commutator.  Any  pressure 
beyond  this  should  be  avoided,  since  it  will  not  only  cause  in- 
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creased  wear,  but  may  itself  create  sparking.  Occasionally,  one 
or  two  segments  in  a  commutator  wear  down  below  the  general 
cylindrical  surface  of  the  rest,  and  form  what  is  known  as  a  *  flat ; ' 
as  the  brushes  pass  over  the  faulty  spot,  the  circuit  is  momentarily 
broken,  and  sparking  occurs,  which  rapidly  increases  the  evil.  The 
development  of  a  flat  may  be  caused  by  inequality  in  the  wear- 
resisting  properties  of  the  segments,  but  it  may  also  often  be  due 
in  the  flrst  instance  to  sparking.  Owing  to  a  want  of  uniformity  in 
the  spacing  of  the  winding  on  the  armature  surface,  a  particular 
section  may  be  short-circuited  when  in  an  incorrect  position ;  its 
passage  under  the  brushes  is  then  accompanied  by  sparking,  and 
the  segment  to  which  it  is  attached  becomes  worn.  If  an  armature 
wire  is  broken  or  its  connection  to  the  commutator  becomes  loose, 
violent  sparking  may  be  set  up,  and  the  faulty  coil  may  then  be 
located  by  running  the  machine  until  one  segment  becomes  pitted 
by  the  sparks. 

Passing  to  the  case  of  open-coil  armatures,  we  are  met  by 
many  of  the  same  phenomena  as  occur  in  closed-coil  armatures, 
save  that  the  brushes  must  now  be  placed  near  to  the  line  of 
maximum  fleld,  and  that  there  is  no  short-circuiting  of  a  coil 
as  it  passes  from  one  fleld  to  another.  The  conditions  for  non- 
sparking  will  be  readily  apparent  from  Chap.  X.  Each  coil 
should  cease  to  be  connected  in  parallel  with  its  more  active 
neighbour  at  the  exact  moment  when  the  current  flowing  in  the 
former  has  been  stopped  by  the  higher  E.M.F.  of  the  latter.  We 
are  now,  however,  able  to  see  why,  in  the  diagrams  of  that  chapter, 
the  line  ^  ^  is  shown  displaced  forwards  in  the  direction  of  rotation, 
and  is  not  exactly  at  right  angles  to  a  line  of  symmetry  drawn  ver- 
tically between  the  two  poles.  The  reaction  of  the  armature 
current  in  open-coil  dynamos  produces  effects  of  exactly  the  same 
nature  as  in  closed-coil  dynamos  ;  the  field  is  displaced  forwards, 
and  consequently,  when  the  armature  current  is  considerable,  the 
line  of  maximum  action,  while  still  approximately  at  right  angles 
to  the  neutral  line  n  »,  no  longer  coincides  with  a  line  passing 
through  the  centres  of  the  poles  (cp.  Chap.  XIX.  ii.  Open-coil 
Machines),  It  will  readily  be  understood  that  in  such  machines, 
owing  to  the  small  number  of  coils  the  abruptness  of  the  changes 
made  in  their  mutual  connections,  and  the  high  voltages  induced 
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per  coil,  a  certain  amount  of  sparking  is  almost  unavoidable.  Such 
sparking,  however,  is  not  by  any  means  so  detrimental  as  might 
be  thought ;  the  commutator  s^ments  being  insulated  on  the 
surface  by  air-gaps,  the  sparks  pass  from  the  overhanging  edge  of 
the  segment  to  the  brush,  and  do  not,  therefore,  destroy  the 
surface  of  the  commutator.  Hence  the  apparently  violent  sparking 
of  open-coil  armatures  is  not  nearly  so  injurious  to  their  commu- 
tators as  very  much  less  sparking  would  be  when  acting  on  the 
smooth-sur&ce  commutators  of  closed  coil  armatures. 

The  brushes  of  high  tension  open  coil  dynamos  are  usually 
made  of  thin  sheet  copper  of  considerable  springiness.  Each 
brush  is  slit  up  longitudinally  for  some  distance  from  its  bearing 
end,  so  as  to  form  three  or  four  teeth,  and  is  then  set  almost  tan- 
gentially  to  the  commutator  surface. 
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CHAPTER  XVIII 

THE   HEATING  OF  DYNAMOS 

With  the  exception  of  *  sparking/  probably  no  subject  is  of  such 
importance,  alike  to  the  designer,  the  purchaser,  and  the  attendant, 
as  the  question  of  the  heating  of  dynamos.  The  continuous 
generation  of  heat  in  the  armature  and  magnet-windings  of  all 
dynamos,  so  long  as  they  are  at  work,  is  a  necessary  consequence 
of  the  passage  of  the  current  through  their  coils,  and  the  appear- 
ance of  this  heat  implies  that  a  corresponding  amount  of  eneigy 
is  '  lost,'  in  so  far  as  no  useful  work  is  derived  therefrom.  All 
that  can  be  done  from  the  point  of  view  of  economy  is  to  minimise 
the  amount  of  the  heat  which  is  thus  generated,  so  as  to  obtain  a 
reasonably  high  efficiency,  such  as  is  suited  to  the  circumstances 
of  any  given  case.  Apart,  however,  from  the  question  of  the 
amount  of  heat  produced  every  second,  or  its  rate  of  generation 
in  watts,  there  is  the  further  and  equally  important  question  of  the 
temperature  to  which  any  part  of  the  dynamo  is  thereby  raised. 
Whether  it  be  the  field-magnet  coils  or  the  armature  which  is  the 
source  of  heat  in  question,  when  the  machine  is  set  to  work  the 
temperature  of  their  mass  gradually  and  continuously  rises  above 
the  temperature  of  the  surrounding  air,  until,  finally,  the  rate  at 
which  the  heat  is  generated  is  balanced  by  the  rate  at  which  it  is 
carried  off  by  radiation,  convection,  and  conduction  :  after  attain- 
ing the  temperature  which  satisfies  this  condition,  no  further  rise 
takes  place.  Evidently,  therefore,  the  rise  of  temperature  depends 
essentially  upon  the  amount  of  cooling  surface  provided,  and  its 
actual  effectiveness  in  dissipating  heat,  and,  this  being  so,  it 
follows  that  it  may  be  regulated  so  as  not  to  exceed  a  certain 
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maximum,  if  the  amount  of  cooling  surface  be  duly  proportioned 
to  the  watts  expended.  Before,  however,  we  enter  upon  this  point, 
we  have  first  to  consider  in  what  way  a  high  temperature  is 
actually  detrimental  to  a  dynamo,  and  aiso  the  closely  connected 
question,  in  what  way  a  large  range  of  temperature  is  injurious  to 
its  working  :  it  will  be  found  that  they  are  so  in  three  ways. 

In  the  first  place,  the  higher  the  temperature  of  any  portion  of 
the  electrical  circuit  of  a  dynamo,  the  greater  is  the  loss  of  energy, 
due  to  the  passage  of  a  given  current  through  it.  For  each  degree 
Fahrenheit  that  the  temperature  of  a  piece  of  copper  rises,  its 
electrical  resistance  rises  about  0*21  per  cent. ;  i(  therefore,  its 
temperature  be  raised  firom  60®  F.  to  120®  F.,  the  increase  in  its 
resistance  will  be  12*6  per  cent,  of  its  resistance  at  60®  F.  The  limits 
of  temperature  within  which  dynamos  are  worked  under  average 
conditions  may  be  taken  as  60®  F,  and  120®  F.,  the  former  corre- 
sponding with  an  average  value  for  the  temperature  of  surround- 
ing air,  and  the  latter  to  an  ultimate  temperature  which  it  is 
frequent  for  the  coils  to  attain  when  the  dynamo  is  worked 
continuously,  or  for  many  hours  together,  at  its  normal  output. 
Hence  the  increase  in  the  resistance  of  the  copper  wire  on  an 
armature  which  rises  60®  F.  is  as  much  as  12*6  per  cent.,  or  r.  hot 
=s  i'i26  R^  cold ;  and  when  a  given  current  is  passed  through  the 
armature,  the  loss  of  volts  over  its  resistance  when  hot  is,  of  course, 
increased  by  the  same  percentage.  Not  only  must  this  increase 
be  allowed  for  in  the  design,  but  it  further  involves  an  equally 
increased  loss  of  energy.  Again,  the  heating  of  the  series  coils  on 
the  field-magnets  of  series-  or  compound-wound  dynamos  increases 
the  loss  of  power  in  them  for  the  same  output  at  the  terminals  ; 
while  in  the  case  of  separately-excited  or  shunt  machines  the 
E.M.F.  at  the  ends  of  the  exciting  coils  must  be  raised  if  the 
same  number  of  amperes  is  to  be  passed  through  their  turns  when 
hot  as  when  cold,  so  that,  again,  more  energy  is  expended  after 
the  machine  has  become  heated. 

Armatures  are  seldom  wound  with  more  than  one  or  two 
layers  of  wire,  and  therefore  the  temperature  of  the  outside,  as 
measured  by  a  thermometer  placed  in  contact  with  the  outer 
insulating  covering  of  the  conductors,  may  be  taken  as  indicating 
approximately  the  actual  temperature  of  the  conductors  themselves. 
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But  in  the  case  of  a  large  number  of  layers  wound  closely  over 
one  another,  as  in  a  field-magnet  coil,  an  appreciable  difference 
of  temperature  is  required  to  produce  the  flow  of  heat  to  the 
outer  surface,  by  conduction,  partly  through  the  length  of  the 
wire  itself,  and  partly  from  layer  to  layer  across  the  intervening 
cotton  covering,  this  latter  being  a  bad  thermal  conductor.  Hence 
the  temperature  of  the  inner  layers  of  the  winding  is  considerably 
higher  than  that  of  those  on  the  surface,  and  in  calculating  the 
resistance  of  a  coil  of  many  layers,  the  average  temperature  of  the 
whole  length  of  wire  must  be  taken  as  higher  than  that  of  the 
outer  layer  as  measured  by  a  thermometer  applied  externally. 
The  allowance  to  be  made  for  the  increased  temperature  will  vary 
with  the  depth  of  winding  and  the  closeness  with  which  the  coil 
fits  the  magnet ;  for  the  field-magnet  coils. of  ordinary  machines, 
the  ratio  of  the  actual  increase  in  resistance  to  the  increase  as  cal- 
culated from  the  temperature  of  the  surface  varies  from  about 
I -25  for  a  depth  of  winding  of  75"  to  about  1*5  for  a  depth  of 
2^"  OJ^  3"'  Thus,  if  the  depth  of  winding  in  a  field-magnet 
coil  be  2\  inches,  and  the  temperature  of  its  surface  rises  55**  F., 
the  actual  increase  in  its  resistance  will  be  about  0*21  x  55**  x  i'5 
=  17*3  per  cent,  of  its  resistance  when  cold.*  Such  considerable 
percentages  show  that  the  effects  of  heating  must  on  no  account 
be  neglected  in  designing  machines  or  in  estimating  their  efficiency. 
In  the  second  place,  the  rise  in  temperature  of  a  dynamo  when 
at  work  produces  a  disadvantageous  effect  upon  the  regulation  of 
its  voltage.  As  already  mentioned,  the  separately-excited  machine 
requires  the  E.M.F.  applied  to  its  exciting* coils  to  be  raised,  if 
the  same  number  of  ampere-turns  is  to  be  maintained  when  the 
field-winding  is  hot  as  when  it  is  cold ;  while  if  the  terminal 
E.M.F.  of  the  dynamo  is  to  be  kept  constant,  its  internal  E.M.F. 
must  be  increased  in  order  to  compensate  for  the  increased  loss 
of  volts  over  the  heated  armature  coils,  and  this  necessitates 
either  a  further  increase  in  the  exciting  E.M.F.  or  a  higher  speed 
of  rotation.  Similarly,  the  self-regulation  of  the  compound- wound 
machine  for  constant  potential  is  injuriously  affected  by  the  dif- 
ferences in  the  resistances  of  its  shunt,  series,  and  armature  coils 

'  Compare  pp.  319,  329,  and  Electrician,  October  1 1,  1895,  *  The  Heating 
of  Dynamos.* 
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when  hot  and  when  cold :  if  correctly  compounded  when  cold,  the 
constancy  of  the  potential  must  necessarily  be  inferior  when  it  is 
hot,  or  vice  versA.  In  fact,  in  designing  compound-wound 
machines  it  is  especially  important  that  the  rise  of  temperature  of 
the  field-magnet  winding  be  not  so  great  as  to  seriously  affect  the 
compounding  action  of  the  two  sets  of  coils,  and  it  should  pre- 
ferably be  limited  to  about  50^  F.  at  the  most 

Thirdly,  and  of  chief  importance,  if  the  temperature  of  any 
coil  becomes  very  high,  the  cotton  or  other  fibrous  material  com- 
monly used  for  the  insulating  covering  of  the  copper  wires  will  be 
burnt  or  charred ;  the  insulation  between  neighbouring  turns  is 
thus  broken  down,  and  the  short-circuiting  which  ensues  is  only 
terminated  by  complete  collapse.  A  '  bumt-out '  armature  may 
be  the  result  of  an  accidental  short-circuiting  of  the  machine,  the 
heat  from  the  excessive  carrent  almost  instantaneously  raising 
the  temperature  so  much  as  to  literally  burn  the  insulation. 
Quite  apart,  however,  from  such  accidental  heating,  the  result 
of  continually  working  a  machine  at  a  high  temperature  is  a 
gradual  deterioration  in  the  toughness  and  mechanical  strength  of 
the  insulating  coverings  of  the  wires.  All  materials  in  ordinary 
use  for  insulating  purposes  are  alike  subject  to  this  gradual  decay. 
Slowly  but  surely  they  become  charred  and  rotten,  the  cotton  or 
calico  crumbling  away  when  touched,  and  the  blackened  paper 
and  fibre  becoming  excessively  brittle ;  so  that,  although  the 
insulation  resistances  may  still  remain  very  high,  the  liability  to  a 
breakdown  is  enormously  increased.  When  old  Gramme  arma- 
tures are  taken  to  pieces  for  repairs,  the  cotton  covering  of  the 
internal  layers  of  wire  which  have  been  continuously  subjected  to 
high  temperatures  may  be  found  to  be  a  mere  charred  powder, 
which  can  be  wiped  away  with  the  finger. 

Finally,  among  the  drawbacks  incidental  to  a  great  variation 
in  temperature  of  the  armature  may  be  mentioned  the  expansion 
and  contraction  which  take  place  in  its  metal  framework  as  it 
heats  or  cools ;  for  example,  if  the  rise  be  very  great,  heat  is  con- 
ducted along  the  armature  shaft,  and  its  expansion,  either  within 
the  bearings,  or  lengthwise  between  the  collars  that  limit  the  end- 
play,  may  set  up  undue  friction,  or  even  cause  it  to  seize.  Under 
ordinary  circumstances,  however,  such  troubles  are  rather  to  be 
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charged  to  bad  workmanship,  and  hardly  require  to  be  separately 
considered  here. 

It  will  now  be  sufficiently  evident  that  the  ultimate  temperature 
attained  by  a  dynamo  when  at  work  is,  of  all  questions,  the  most 
important.  If  its  wires  are  insulated  with  the  usual  materials,  the 
frequent  attainment  of  a  very  high  temperature  is  incompatible 
with  a  long  life,  and  this  consideration  of  durability  leads  us 
to  fix  a  maximum  temperature,  which  no  part  of  the  machine 
should  exceed  in  continuous  working. 

Some  inventors  have  endeavoured  to  make  use  of  insulating 
materials  which  may  by  contrast  with  cotton  and  paper  be  called 
fireproof;  the  wires  may  then  be  allowed  to  reach  very  high 
temperatures,  such  as  250^  R,  provided  that  considerations  of 
efficiency  allow  of  it  But  such  attempts  have  not  met  with  any 
great  success ;  even  if  the  insulation  be  satisfactory  as  regards  its 
mechanical  and  heat-resisting  qualities,  it  may  occupy  too  much 
room  ;  further,  the  heat  gradually  spreads  to  the  commutator  and 
brushes,  while,  lastly,  the  second  consideration  of  p.  396,  viz.  the 
great  difference  in  the  electrical  resistances  when  hot  and  when 
cold,  introduces  difficulties  in  the  regulation  of  the  voltage. 
Returning,  therefore,  to  the  more  usual  case  of  armatures  and 
field-magnet  coils  insulated  with  cotton,  silk,  tape,  fibre,  or  paper, 
the  maximum  temperature  which  they  should  be  allowed  to  attain 
in  continuous  work  cannot  be  set  higher  than  about  190^  F.  at 
the  most,  and  even  then  it  must  be  remembered  that,  if  a  coil 
consist  of  a  large  number  of  layers,  the  limiting  temperature  of 
the  surface  must  be  appreciably  lower. 

Having  thus  fixed  upon  a  maximum  permissible  temperature, 
it  is  at  once  evident  that  the  number  of  degrees  by  which  a  dynamo 
may  be  allowed  to  rise  in  temperature  is  entirely  dependent  upon 
the  starting-point  from  which  this  rise  takes  place;  in  other  words, 
upon  the  temperature  of  the  surrounding  air  during  the  working 
of  the  dynamo.  Thus,  in  the  case  of  dynamos  working  in  hot 
atmospheres,  for  instance,  in  the  engine-room  of  a  steamer  in  the 
tropics,  where  the  normal  temperature  may  be,  and  frequently  is, 
as  much  as  115^  F.,  the  permissible  rise  is  much  smaller  than  in 
the  case  of  a  dynamo  working  in  a  well-ventilated  central  station  on 
land,  where  the  temperature  will  seldom  exceed  70®  F.     Now  the 
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output  of  a  dynamo  is  dependent  upon  the  rise  in  temperature 
which  is  permitted,  and  it  therefore  follows  that  the  output  is 
indirectly  limited  by  the  normal  temperature  in  which  it  is  to  work, 
and  from  which  the  rise  is  reckoned.  It  is  seldom,  however,  that 
in  specifications  of  dynamos  the  actual  limits  of  temperatiu-e  are 
stated,  inasmuch  as  they  must  necessarily  be  somewhat  vague,  and 
it  is  more  frequent  to  find  the  maximum  rise  of  temperature  alone 
specified,  this  rise  being  such  as  will  not  be  likely  to  endanger  the 
insulation  under  ordinary  conditions.  Thus  it  is  generally  stipulated 
that  the  machine  must  run  satisfactorily  during  a  test  of  six  hours' 
duration  at  full  load  without  undue  heating  of  any  part,  and  that 
at  the  end  of  the  run  the  temperature  of  the  armature  or  field- 
winding  must  not  exceed  the  temperature  of  the  surrounding 
air  by  more  than  70®  F.  The  rise  of  temperature  is  usually 
obtained  by  comparison  of  the  readings  of  two  thermometers,  the 
one  registering  the  temperature  of  the  room  within  a  few  feet  of 
the  dynamo,  and  the  other  placed  in  contact  with  the  exterior  of 
the  winding,  and  therefore  indicating  the  temperature  of  the  sur- 
face. Hence,  assuming  a  normal  temperature  of  70°  F.  for  the 
surrounding  air,  it  will  be  seen  that  the  maximum  temperature 
which  the  surface  of  the  coils  may  attain  is  140^  F.,  and  this 
limit  is  found  to  give  thoroughly  satisfactory  results  in  practice.* 

The  great  importance  of  the  safe  rise  of  temperature  lies  in  the 
fact  that  it  determines  the  output  of  any  dynamo,  and  this  it 

*  In  the  specifications  of  the  British  Admiralty,  from  which  the  rise  of 
70^  F.  has  largely  been  copied,  the  temperature  of  the  room  during  the  test 
run  is  further  given  as  120°  F.,  and  hence  the  permitted  final  temperature 
would  be  as  much  as  190°.  The  high  temperature  thus  permitted  is,  however, 
largely  discounted  by  another  stipulation,  viz.  that  at  the  end  of  the  six  hours' 
run,  and  one  minute  after  stopping,  no  accessible  part  of  the  dynamo  shall  have 
attained  a  temperature  more  than  30^  F.  abovQ  that  of  the  room.  Although 
this  latter  condition  cannot  be  defended  on  strictly  scientific  grounds,  still  the 
combined  effect  of  these  two  clauses,  as  well  as  of  other  conditions,  has  sufficed 
to  secure  for  the  Admiralty  dynamos  of  the  very  best  quality.  Indeed,  the 
Admiralty  specification  for  combined  sets  of  engines  and  dynamos  has  been 
largely  instrumental  in  formulating  the  requirements  of  engineers  in  general, 
and  is  well  worth  studjdng  as  the  result  of  the  accumulated  experience  of 
many  years.  In  the  United  States,  dynamos  are  frequently  worked  at  con* 
dderably  higher  temperatures  than  would  be  tolerated  in  England. 
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does  chiefly  by  limiting  the  maximum  current  that  may  be  passed 
through  a  given  armature  in  continuous  working.  Of  course,  the 
permissible  armature  current  may  be  determined  in  the  case  of 
continuous-current  dynamos  by  the  question  of  sparking  as  ex- 
plained in  Chap.  XVIL,  or  in  the  case  of  alternators  by  the  self- 
induction  of  the  armature  causing  too  great  a  drop  in  the  terminal 
volts  (p.  501 ) ;  but  in  by  far  the  largest  number  of  cases  these  limit- 
ing considerations  do  not  take  effect  until  the  output  is  decisively 
fixed  by  the  serious  heating  which  would  occur  in  everyday  working 
if  the  armature  current  were  increased. 

The  rise  of  temperature  deemed  permissible  by  different 
makers  varies  somewhat  according  to  the  different  ultimate  tem- 
peratures and  starting-points  which  they  have  in  view,  and  con- 
sequently the  normal  output  at  which  one  and  the  same  dynamo 
would  be  rated  for  continuous  working  will  likewise  be  different ; 
but  under  average  circumstances  a  rise  of  70®  F.  may  be  taken  as 
a  thoroughly  practical  guide  in  determining  the  output  of  any 
dynamo. 

The  time  taken  for  the  armature  and  field-coils  of  a  dynamo 
to  attain  their  ultimate  temperatures  is  dependent  upon  their  size. 
At  the  commencement  of  the  run  the  rate  at  which  heat  is  pro- 
duced is  almost  as  great  as  when  the  machine  has  attained  its 
maximum  temperature,  but  part  of  this  heat  is  absorbed  in  raising 
the  temperature,  not  only  of  the  winding,  but  also  of  the  core  or 
magnet  on  which  it  is  wound.  The  larger  this  mass  which  has  to 
be  heated,  the  longer  will  be  the  time  taken  in  raising  its  tempera- 
ture, until  the  final  state  is  reached  in  which  the  heat  has  to  be 
dissipated  alaK)st  entirely  by  radiation  and  convection-currents  of 
the  surrounding  air.  A  certain  difference  of  temperature  between 
the  cooling  surfaces  and  the  surrounding  air  must  then  have  been 
established  sufficient  to  enable  the  heated  masses  to  part  with 
their  heat  as  fast  as  it  is  generated.  If  a  machine  be  run  with 
constant  load  for  several  hours,  and  the  rise  of  temperature  of 
armature  or  field-winding,  as  taken  at  intervals  of,  say,  one  hour, 
be  plotted  as  ordinates  to  a  horizontal  axis  of  time,  the  curve  so 
obtained  will  be  found  to  gradually  bend  over,  and  become  more 
and  more  flat ;  finally  the  readings  will  fall  almost  in  a  straight  and 
horizontal  line,  showing  that  a  steady  temperature  has  then  been 
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attained  Such  an  experiment  enables  us  to  be  certain  that  the 
final  state  has  been  reached,  and  the  time  which  we  find  that  a 
dynamo  of  given  size  takes  to  attain  its  maximum  temperature  will 
serve  as  a  clue  to  the  number  of  hours  for  which  a  machine  of 
similar  size  should  be  run  at  full  load  in  order  to  test  it  thoroughly. 
While  a  ring  armature,  of  which  the  core  dimensions  are  9"  dia- 
meter X 12''  length,  will  attain  its  final  temperature  after  about  four 
hours'  run  at  full  load,  a  drum  armature  15  "  diameter  x  19 ''  long 
will  barely  reach  its  maximum  rise  in  six  hours,  and  larger 
machines  will  require  to  be  run  for  still  longer  periods.  The 
thermometer  employed  to  measure  the  temperature  of  the  surfaces 
should  preferably  be  of  a  sensitive  chemical  type,  the  graduated 
glass  stem  having  a  very  fine  bore,  and  the  small  cylindrical  bulb 
containing  but  little  mercury  ;  after  being  laid  or  held  in  close  con- 
tact with  the  winding,  it  should  be  covered  with  some  material 
(such  as  a  piece  of  rag)  which  is  a  bad  conductor  of  heat,  and 
then  allowed  to  remain  undisturbed  for  several  minutes  until 
the  mercury  entirely  ceases  to  rise.  When  a  rotating  armature 
is  stopped  at  the  end  of  a  run  or  at  any  time  for  the  purpose  of 
taking  thermometer  readings,  the  temperature  of  its  exposed  sur- 
face continues  to  rise  for  some  minutes  after  the  rotation  has 
ceased.  The  generation  of  heat  ceases  with  the  rotation,  but 
the  simultaneous  cessation  of  the  air-currents  set  up  by  the 
revolving  parts  virtually  amounts  to  a  large  reduction  in  the  cool- 
ing power  of  the  surfaces,  and  in  consequence  the  fall  of  tempera- 
ture between  the  inner  or  hottest  parts  and  the  external  surface 
is  reduced  \  in  other  words,  the  outside  rises  by  conduction  to  a 
higher  temperature,  more  nearly  the  same  as  that  of  the  centre  of 
heat.  Both  the  cotton  insulation  of  the  wires  and  the  shellac  or 
other  varnish  with  which  they  are  coated  are  bad  thermal  con- 
ductors, and  it  therefore  takes  an  appreciable  time  for  the  heat  to 
penetrate  through  them  to  the  outside  of  the  armature.  It  may 
further  be  mentioned  that,  owing  to  the  low  thermal  conductivity 
of  insulating  materials  in  general,  if  a  heated  armature  be  cursorily 
felt  with  the  hand,  the  bare  metal  of  the  binding -wires,  or  even  of 
the  commutator,  will  appear  hotter  than  the  insulated  wires,  and 
these  latter  may  seem  comparatively  cool  to  the  touch  :  any  such 
conclusion  is,  however,  entirely  illusory,  and  the  continued  appli- 
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cation  of  the  hand  to  the  conductors  will  usually  suffice  to  correct 
the  error. 

We  have  now  to  consider  the  predetermination  of  the  rise  of 
temperature  in  a  dynamo— a  subject  which  is  naturally  divisible 
into  two  portions,  dealing  respectively  with  the  field-magnet  coils 
and  the  armature. 

In  the  case  of  the  exciting-coils  the  question  is  fairly  easy  of 
solution.  The  heat  generated  in  them  is  simply  that  due  to  the 
passage  of  the  current  through  their  resistance,  and  the  watts 
expended  over  them  are  therefore  easily  calculated  as  the  product 
of  the  square  of  the  current  into  the  resistance.  Further,  Uie  coils 
are  usually  stationary,  and  are  therefore  by  no  means  so  much 
affected  by  currents  in  the  surrounding  air  as  is  the  rotating  arma- 
ture. Hence  their  rise  of  temperature  is  solely  dependent  on  the 
ratio  which  the  watts  bear  to  their  cooling  surface,  and  apart  from 
external  draughts  can  be  very  approximately  predicted.  We  have 
already,  in  Chap.  XIV.  p.  264,  given  a  basis  for  calculating  the 
cooling  surface  of  a  coil,  or  at  all  events  a  surface  to  which  the 
cooling  effect  may  approximately  be  regarded  as  proportional.  A 
certain  difference  must,  however,  be  drawn,  according  as  the  coil  fits 
closely  to  the  magnet  all  round  its  inner  surface,  or  is  wound  on  a 
former  of  which  one  or  more  of  the  sides  stand  away  from  the 
iron  magnet  In  the  latter  case  a  free  circulation  of  air  is  possible 
between  the  former  and  the  magnet,  and  if  they  be  vertical  a  slight 
current  of  air  will  thus  ascend  and  materially  assist  in  carrying  off 
the  heat  by  convection.  Against  the  advantage  of  this  greater 
cooling  power  must,  however,  be  set  the  fact  that  the  length  of 
each  turn  of  wire  is  slightly  increased  by  the  margin  of  clearance 
between  the  bobbin  and  the  magnet  core.  In  the  case  of  close- 
fitting  coils  of  double-cotton-covered  wire  varnished  with  shellac 
on  the  outside,  the  final  rise  of  temperature  of  the  exterior  in 
degrees  Fahrenheit  will  be  approximately 

/oF.=?£XW (^^) 

where  w=the  rate  of  generation  of  heat  in  the  coil  in  watts, 
and  S0=the  cooling  surface  of  the  coil  in  square  inches  measured 
over  the  external  surface  only  of  the  wire.     If  an  effective  air- 
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passage  is  obtained  between  at  least  one  side  of  the  former  and 
the  magnet,  the  constant  is  reduced,  and  we  have 

/oF.=?^2<5 (45a) 

It  will  readily  be  understood  that  the  values  which  should  be 
assigned  to  the  numerical  coefficient  in  these  formulae  are  con- 
siderably affected  by  the  shape  of  the  machine  and  the  position 
of  its  coils.  The  above  equations  may,  however,  be  taken  as 
applicable  to  stationary  field-coils  of  usual  size  and  under  ordinary 
conditions ;  that  is,  when  they  are  well  exposed,  and  to  a  slight 
extent  cooled  by  the  draughts  which  an  armature  revolving  in 
close  proximity  sets  up  in  the  surrounding  air.  In  both  cases 
the  cooling  surface  of  the  end-flanges  has  not  been  reckoned, 
and  as  their  influence  becomes  more  important  the  greater  the 
depth  of  the  winding,  the  temperatures  deduced  from  our  equa- 
tions will  be  somewhat  too  high  in  the  case  of  large  machines 
having  coils  more  than  2^  inches  deep.  If  the  permissible  rise 
of  temperature  be  taken  as  about  50^-60^  F.,  it  will  be  seen  that 
1-5  sq.  inches  of  cooling  surface  must  be  allowed  per  watt,  and 
this  ratio  may  frequently  be  found  in  practice.  A  greater  rise, 
although  perhaps  permissible  on  the  score  of  the  final  temperature 
reached,  is  seldom  advisable  owing  to  the  difference  which  it 
causes  in  the  exciting  power  according  to  the  time  during  which 
the  machine  has  been  at  work. 

When  we  pass  to  the  question  of  the  final  rise  of  temperature 
in  an  armature,  the  problem  before  us  is  far  more  complex,  and 
this  for  two  reasons.  In  the  first  place,  it  is  difficult  to  calculate 
with  accuracy  the  watts  actually  expended  in  heating  the  armature. 
The  sources  of  the  heat  are  threefold,  viz.  (i)  the  loss  of  electrical 
energy  due  to  the  passage  of  the  total  current  through  the 
armature  resistance ;  (2)  eddy  or  Foucault  currents  set  up  in  the 
copper  winding,  in  the  armature  core,  or  in  its  supporting  frame- 
work, including  the  shaft ;  and  (3)  the  magnetic  loss  due  to 
hysteresis.  The  first  and  third  of  these  can  be  calculated  with  a 
close  degree  of  approximation,  but  the  second  loss  is  very  largely 
indeterminate,  inasmuch  as  it  is  dependent  on  a  number  of  con- 
ditions, such  as  the  ¥ndth  of  the  armature  inductors,  the  strength 
of  the  field,  and  the  speed. 
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In  the  second  place,  the  rate  at  which  a  given  armature  can 
part  with  the  heat  generated  within  it  is  most  materially  affected 
by  its  speed  of  rotation,  and  also  by  the  shape  and  number  of 
the  pole-pieces  which  surround  it,  in  so  far  as  they  allow  of  or 
actively  promote  a  more  or  less  free  circulation  of  the  air  over  the 
sur&ce  of  the  winding.  The  exact  effect  of  either  of  these  causes 
does  not  admit  of  very  accurate  generalisation,  since  it  neces- 
sarily varies  under  different  conditions.  How  important  a  part  is 
played  by  the  peripheral  speed  of  a  rotating  armature  in  increasing 
its  cooling  power  is  at  once  evident  from  a  comparison  of  the 
watts  which  it  can  dissipate  with  the  watts  which  a  stationary 
field-coil  can  dissipate  :  if  their  cooling  surfaces  be  reckoned  on 
a  similar  basis,  and  the  rotating  armature  have  a  peripheral  speed 
of  2,000  ft.  per  minute,  roughly  speaking,  it  will  be  found  that 
the  latter  can  dissipate  nearly  twice  as  many  watts  per  square  inch 
of  cooling  surface  for  the  same  rise  of  temperature  in  the  two 
cases.  But  even  the  increase  in  the  cooling  power,  due  to  a  given 
peripheral  speed,  depends  largely  upon  the  nature  of  the  winding, 
the  construction  of  the  armature  core,  the  disposition  of  the  pole- 
pieces,  and  the  ratio  of  their  area  to  the  total  cooling  surface.*  If 
the  surface  of  the  armature  winding  be  broken,  so  that  the  air  can 
play  upon  more  than  the  outer  face  of  the  inductors,  or  even 
reach  freely  to  the  core,  the  cooling  action  is  increased.  Again, 
the  numerous  poles  of  large  multipolar  machines  break  up  the 
currents  of  air,  and  this  effect  is  very  marked  in  the  case  of 
discoidal-ring  alternators,  revolving  between  a  number  of  poles 
on  either  side  of  the  armature.  It  is  therefore  impossible  to  lay 
down  any  general  formula,  expressing  the  cooling  power  of  a 
given  surface  at  different  speeds,  which  will  meet  the  case  of 
entirely  different  types  of  machines,  and  all  equations  connecting 
rise  of  temperature  with  a  certain  ratio  of  watts  per  square  inch 
must  necessarily  be  only  approximate. 

Confining  our  attention  for  the  present  to  ordinary  2-pole 
continuous-current  dynamos,  with  ring  or  drum  armatures  wound 
almost  uniformly  over  their  entire  surface,  we  shall  find  that  a 
number  of  formulse  have  been  published  for  the  determination  of 
their  rise  in  temperature.  Not  one,  however,  can  be  regarded 
*  S«e  Electrical  Engineer ^  August  10,  1894. 
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as  truly  reliable,  or  as  possessing  even  the  approximate  accuracy 
which  may  fairly  be  expected ;  since  when  applied  imder  con- 
ditions differing  apparently  but  slightly  from  those  contem- 
plated by  their  inventors,  they  may  lead  to  results  which  were 
certainly  far  from  being  contemplated.  The  reason  for  this 
is  to  be  found  in  the  fact  that  the  eddy-current  loss  has  never 
been  assigned  a  separate  and  prominent  place  in  calculating 
the  total  watts  expended  over  the  armature ;  it  has  in  most 
cases  been  entirely  left  out  of  sight,  owing  to  the  difficulties 
both  of  ascertaining  its  exact  value  in  a  machine  under  test  and 
of  estimating  its  probable  amount  when  designing  a  new  machine. 
In  order  that  the  reader  may  judge  of  the  importance  of  the 
eddy-current  loss  the  following  table  is  given,  which  embodies  the 
results  of  tests  made  on  ordinary  commercial  machines,  constructed 
by  different  well-known  makers  :  the  losses  are  those  which  occur 
when  the  dynamos  are  run  at  their  rated  outputs  and  speeds,  and 
in  each  case  the  eddy-current  loss  has  been  determined  by  actual 
experiment. 


No. 

- 

Dimen- 
sionsof 
core  in 
inches 

Out- 
pat 
in 
kilo- 
watts- 

Vdu 

Amps. 

Revs, 
per 
min. 

P.. 

riph. 

ft. 
per 
min. 

Watte 

in 
COS. 

lines 

XXO* 

i 

Ba    1   B, 

Dia. 

lenstb 

C.-Ra 

H^ 

Ed. 
dies 

X 

a 
3 

Drum 
Drum 
Ring 

so 
10 
7i 

36 

13 

7 

Z20 

15 
3-5 

«35       900 

130       115 
130    1    27 

1,250 

1' 
2,100    2,300 
2,4«)        Sao 
2,600 1      167 

75 

ai730 

306 
4-65 
1-9 

".400;  5.300 
J7.500 14,470 
x8,6oo|4,aoo 

To  these  may  be  added '  the  three  following,  of  which  full 
accounts  have  been  published  by  Dr.  Hopkinson  (reprinted  in 
'Original  Papers  on  Dynamo  Machinery,'  pp.  79-133  and  pp. 
135-139) ;  but  in  these  cases  the  eddy-current  loss  is  obtained  by 

'  In  the  case  of  a  discoidal-ring  continuous-current  armature,  described  by 
Mordey, /<wrrfa/  Inst,  Elec,  Eng,  xviii.  1889,  p.  620,  the  watts  expended 
in  hysteresis  and  eddy-currents  at  900  revs,  per  min.  were  respectively  291 
and  1,24a  The  designed  output  was  18  kilowatts,  but  it  is  not  mentioned 
at  what  speed  the  dynamo  was  intended  to  be  run. 
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subtracting  from  the  measured  waste  power  in  the  armature  the 
calculated  hysteresis  loss. 


No 

4 

1 

Dram 
Ring 
Drum 

Dimeii' 
sionsof 
core  in 
inches 

Out- 

kilo- 
watts 

35 
13 
ii'a 

Volts 

Amps. 

Revs. 

per 

mm. 

Pe. 

riph. 
speed 

in 

fi. 

Watu 

in 
CG.S. 

1  lines 
'  xio- 

B« 

Bf 

Dia. 

It 

ao 
9i 
15 

Ca'Ra 

Hyst. 

Ed- 
dies 

no 
100 
140 

330 

780 

a,  150 
a,7So 
1,830 

1,160 
900 

330 

ai5 

I 

11 

13.500 
17,400 
9,700 

6,800 
4,600 
5,aoo 

Thus  the  relative  proportion  of  the  three  armature  losses  varies 
considerably  in  machines  of  different  construction  and  size.  As 
compared  with  the  watts  expended  over  the  resistance  of  the 
armature,  the  hysteresis  loss  is  relatively  most  important  in  the 
case  of  small  machines  driven  at  a  high  speed,  and  therefore 
having  a  high  periodicity ;  in  the  case  of  large  drum  armatures 
coupled  direct  to  the  crank-shaft  of  the  driving  engine,  not  only  is 
the  periodicity  low,  but  the  induction  is  seldom  pressed  so  high  as 
in  the  case  of  smaller  ring  machines,  and  therefore  the  loss  per 
cubic  centimetre  per  cycle  is  less.* 

On  the  other  hand,  the  figures  above  cited  show  that  the  eddy- 
current  loss  is  usually  of  considerable  importance ;  the  precautions 
taken  to  minimise  eddies  have  already  been  described  in  Chap. 
XIII.,  but  their  complete  elimination  is  altogether  exceptional ; 
and  it  is  clear  that  no  formula  can  be  of  much  value  which  does 
not  specifically  take  them  into  account  when  calculating  the  rate  al 
which  heat  is  developed  in  the  armature.  If  only  the  watts  lost 
over  the  armature  resistance  and  the  hysteresis  loss  are  calculated, 
a  formula  expressing  the  rise  of  temperature  in  terms  of  these 
watts  can  at  best  only  apply  to  armatures  of  very  similar  construc- 
tion in  which  the  eddy-current  loss  may  be  treated  as  approximately 
proportional  to  the  other  two  losses.    This,  however,  is  very  far 

*  Alternators  are  not  here  under  consideration,  and  in  these  the  hysteresis 
loss  may  become  important  owing  to  the  high  periodicity.  As  a  general  rule, 
however,  the  armature  is  not  worked  at  a  high  induction,  and  the  effect  of 
hysteresis  is  thereby  lessened. 
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from  being  the  case  if  the  width  of  the  inductor,  or  the  value  of 
the  induction  in  the  air-gap  or  armature,  or  the  degree  of  lamina- 
tion of  the  core,  or  the  peripheral  speed,  be  largely  altered. 
Many  of  the  published  formulae  are  either  implicitly  or  explicitly 
applicable  only  to  some  more  or  less  standard  peripheral  speed, 
such  as  2,000  ft.  per  minute  ;  or,  again,  to  armatures  wound  with 
round  wire ;  and  are  therefore  entirely  unsuited  to  drum  armatures 
wound  with  large  bars  of  rectangular  section.  In  fact,  an  alteration 
which  might  at  first  sight  seem  unimportant  in  any  one  of  the 
conditions  above  mentioned  may  radically  affect  the  amount  of 
the  eddy-currents,  and  may  therefore  entirely  vitiate  any  results 
calculated  from  an  incomplete  formula. 

Considering,  in  detail,  the  three  sources  of  heating  in  an 
armature,  the  first,  or  the  electrical  loss  over  the  copper  resistance 
of  the  winding,  is  entirely  independent  of  the  speed,  and  is  simply 
equal  to  the  product  of  the  square  of  the  armature  current  and 
the  resistance  of  the  armature  from  brush  to  brush,  i.e.  c«^Ra  watts. 
In  the  process  of  designing  a  dynamo  the  resistance  of  the  armature 
can  easily  be  calculated,  and  from  it  the  loss  of  watts  due  to  the 
passage  of  the  normal  armature  current.  It  is  only  necessary  to 
remark  that  if  the  resistance  of  an  armature  from  brush  to  brush 
be  actually  measured,  it  will  usually  be  found  to  be  appreciably 
higher  than  the  resistance  as  calculated  from  the  length  and  area 
of  copper  used.  This  discrepancy  is  due  to  the  inferior  conduc- 
tivity of  the  soldered  joints,  even  when  carefully  made.  In  a  drum 
armature  of  which  the  winding  is  composed,  for  example,  of  180 
bars  united  by  separate  end-connectors,  there  are  as  many  as  360 
joints,  each  of  which  has  a  slightly  increased  resistance  owing  to 
the  want  of  homogeneity  in  the  conducting  material,  and  the 
combined  effect  of  these  may  cause  the  actual  resistance  of  the 
armature  to  differ  fi-om  the  calculated  by  as  much  as  25  per  cent. 
Owing  to  the  low  resistance  of  a  large  armature  with  few  inductors, 
the  most  convenient  method  of  measuring  its  actual  value  is  by 
passing  through  it  a  known  current  of  considerable  strength  and 
measuring  the  difference  of  potential  between  opposite  commutator 
segments,  where  the  current  leaves  and  enters.  The  quotient 
obtained  by  dividing  the  measured  difference  of  potential  by  the 
known  current  is,  of  course,  the  resistance  of  the  armature.  From 
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our  knowledge  of  this  resistance,  after  making  due  allowance  for . 
its  increased  value  when  hot,  the  Ca^R«  loss  can  be  accurately  de- 
termined. 

It  is  in  the  second  or  eddy-current  loss,  that  most  difficulty 
lies.  With  a  given  core,  a  given  winding,  and  a  given  field,  this 
loss  will  be  directly  proportional  to  the  square  of  the  speed ;  since 
if  the  speed  be  increased  x  times,  the  E.M.F.  of  an  eddy  will  be 
equally  increased,  and  this  will  increase  the  current  of  the  eddy 
X  times,  so  that  the  product  of  eddy  E.M.F.  x  eddy  current 
will  be  increased  x^  times.  It  may  therefore  be  expressed  by  a 
coefficient  multiplied  by  the  square  of  the  speed,  the  value  of 
the  coefficient  being  different  in  different  cases.  Recently  Mr. 
Kapp  and  Mr.  Housman  have  independently  devised  a  simple 
method  by  which  the  exact  eddy-current  loss  in  a  given  dynamo, 
when  run  at  different  speeds,  can  be  experimentally  determined.^ 
A  brief  description  of  this  method  will  be  found  in  Chap.  XX. 
Two  points  alone  require  to  be  further  mentioned.  In  the  first 
place,  the  value  of  the  eddy-current  loss,  as  thus  determined, 
includes  any  eddies  set  up  in  the  pole-pieces  of  the  magnets  by 
the  rotation  of  the  armature.  Such  loss  of  power  in  the  pole-pieces 
will  be  reserved  for  consideration  in  a  later  part  of  the  present 
chapter,  and  does  not  here  concern  us.  In  continuous-current 
machines,  having  conductors  wound  uniformly  over  a  smooth  core 
(as  is  usual  in  the  majority  of  machines),  the  loss  in  the  pole-pieces 
is  quite  inappreciable,  and  it  may  therefore  be  assumed  that  in 
sudi  cases  all  the  eddy-currents  which  the  above  method  measures 
are  generated  in  the  armature  itself.  In  the  second  place,  during 
the  experiments,  the  distribution  of  the  field  is  approximately  the 
same  as  that  at  no  load,  and  it  has  already  been  shown,  in  Chap. 
XVII.,  that  this  distribution  may  be,  and  usually  is,  considerably 
modified  at  full  load.  Hence  the  eddy-current  loss  at  full  load 
may  be  greater  than  the  experiment  would  show,  and  when  the 
results  of  such  tests  have  been  checked  by  other  methods,  it  has 
been  found  in  practice  that  this  difference  in  the  distribution  of  the 
field  does  sensibly  alter  the  amount  of  the  eddy-currents.  We 
are,  however,  justified  in  assuming  that  the  method  above  alluded  to 

*  Vide  Electrician^  voL  xxvi.  189 1,  pp.  699,  700,  and  740,  and  vol.  xxviL 
p.  162. 
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furnishes  us  with  a  ready  means  for  determining,  at  least  approxi- 
mately, the  eddy-current  loss,  and  that  we  can  thence  calculate  under 
given  conditions  the  value  of  the  coefficient,  which,  when  multiplied 
by  the  square  of  the  number  of  revolutions  per  minute,  gives  the 
loss  in  watts.  Let  f  be  the  value  of  this  coefficient  for  a  given 
armature  with  a  particular  excitation  ;  then  the  rate  of  loss  by 
eddy-currents  in  the  armature  when  run  at  n  revolutions  per 
minute  is  equal  to  fn*  watts.  There  still  remains  the  difficulty 
that,  in  calculating  the  watts  expended  in  a  armature,  we  must, 
during  the  process  of  designing,  estimate  the  value  of  the  coefficient 
¥  from  the  coefficients  of  machines  previously  tested.  In  so  doing, 
not  only  must  any  alteration  in  the  length  and  volume  of  the  core 
be  taken  into  account,  but,  as  previously  stated,  it  is  equally  im- 
portant to  estimate  the  probable  effects  of  alteration  in  the  value 
of  the  induction  in  the  air-gap  or  armature,  the  degree  of  lamination 
of  the  core,  or  the  width  of  the  inductors ;  in  especial,  the  question 
of  whether  the  inductors  are  stranded  or  twisted  in  order  to  eli- 
minate Foucault  currents  will  materially  modify  the  value  that 
should  be  assigned  to  the  eddy-current  coefficient. 

The  third  source  of  heat  is  the  *  magnetic '  loss  by  hysteresis, 
or  the  work  that  must  be  done  in  changing  the  direction  of  mag- 
netisation of  the  core,  as  explained  in  Chapter  XII.  For  a  given 
maximum  induction  in  the  core  it  is  simply  proportional  to  the 
number  of  complete  cycles  per  second,  and  may  therefore  be 
expressed  by  a  coefficient,  h^  dependent  on  the  volume  and 
induction  of  the  core,  multiplied  by  the  number  of  revolutions 
per  minute.     Hence,  for  a  2 -pole  dynamo,  the  loss  by  hysteresis 

kc 
isequal  to /^N  watts,  where /^=:—,  the  symbols  having  the  same 

meaning  as  on  p.  226. 

Combining  the  three  losses  together,  we  obtain,  as  the  total 
watts  expended  in  heating  the  armature, 

W«=C.2Ra+FN2  +  /4N; (46) 

and  it  is  the  ratio  of  this  value  to  the  cooling  surface  of  the 
rotating  armature  that  determines  its  rise  of  temperature.  When 
the  total  watts  are  thus  taken  into  account,  the  authors  have 
found  the  following  formula  to  approximately  hold  good  for 
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ordinary  2 -pole  continuous-current  dynamos  with  ring  or  drum 
armature  having  a  smooth  exterior  surface.  The  maximum  rise  of 
temperature  of  the  outside  of  the  armature  in  degrees  Fahrenheit  is 

where  wssthe  total  watts  of  the  preceding  equation,  s»=the 
cooling  surface  of  the  armature  in  sq.  inches,  and  9=the  peri- 
pheral velocity  of  the  exterior  of  the  armature  in  feet  per  minute. 
The  cooling  sur&ce,  s^,  is  reckoned  for  rings  and  drums  alike  as 
the  external  surface  {s^wdl)  taken  from  the  outer  edge  of  the 
commutator  lug  to  the  extreme  opposite  end  of  the  armature,  plus 

the  area  of  the  two  ends  ^=2X^— ).  The  value  of  the  co- 
efficient may  be  determined  by  measuring  the  rise  of  temperature 
for  a  given  number  of  watts  when  the  armature  is  stationary  ;*  it 
certainly  will  vary  somewhat  with  different  methods  of  construc- 
tion or  different  proportioning  of  the  main  dimensions  ;  still,  the 
authors  believe  that  the  general  form  of  the  equation  will  prove 
serviceable  in  practice,  even  if  the  exact  value  of  the  coefficient 
should  be  found  to  require  modification  to  suit  armatures  of  dif- 
ferent make.  A  very  considerable  influence  has  been  assigned  to 
the  peripheral  speed  in  increasing  the  effect  of  a  given  cooling 
surface — more,  indeed,  than  has  usually  been  attributed  to  it.  The 
explanation  to  this  may  lie  in  the  fact  that  the  watts  dissipated 
at  high  speeds  are  apt  to  be  under-estimated.  Since  the  eddy- 
current  loss  increases  as  the  square  of  the  speed,  the  relative 
importance  of  our  second  term,  fn^,  increases  greatly  as  the  speed 
is  increased  ;  if,  therefore,  experiments  be  made  on  the  difference 
in  the  cooling  power  of  an  armature  at  different  speeds,  and  the 
eddy-current  loss  be  not  accurately  determined,  too  low  a  value 
may  be  assigned  to  w  at  high  speeds,  and  in  consequence,  to  deduce 
the  observed  rise  of  temperature,  we  are  led  to  under-estimate  the 
increase  in  the  cooling  power  due  to  the  higher  speeds. 

For  a  peripheral  speed  of  2,000  ft.  per  min.  a  rise  of  65®  F.  is 
approximately  obtained  if  s,.  =  •71W,  ue,  if  nearly  three  fourths  or 
>  S^  Electrician,  October  1 1, 1895  (Wilson),  'The  Heating  of  Dynamos.' 
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75  sq.  inch  of  cooling  surface  be  allowed  per  watt  expended  over 
the  armature.  In  the  above  formula  the  cooling  surface  which 
has  been  taken  into  account  has  been  confined  almost  entirely  to 
the  outside  of  the  armature  ;  yet  in  many  dynamos  the  inside  of 
the  armature  permits  of  the  free  passage  of  air  into  and  through 
it  Especially  is  this  the  case  with  ring  armatures,  in  which  the 
radial  depth  of  the  core  is  comparatively  shallow,  in  order  to  allow 
of  the  requisite  connecting  wires  passing  through  the  interior ;  even 
in  the  case  of  drum  armatures  the  discs  are  frequently  supported 
on  the  arms  of  a  hub,  and  a  clear  air-space  is  thus  secured  between 
the  internal  circumference  of  the  discs  and  the  cylindrical  hub. 
Further,  open  passages  are  frequently  arranged  between  the  con- 
nectors and  the  shaft,  and  even  in  some  cases  between  the  inner 
sleeve  of  the  commutator  and  the  shaft ;  it  is  thus  possible  for  the 
air  to  pass  through  the  inside  of  the  core  from  the  one  end  of  the 
armature  to  the  other.  This  tendency  has  in  some  cases  been 
assisted  by  giving  the  supporting  arms  of  the  spider  or  hub  a 
curved  shape,  so  designed  that  they  act  as  the  blades  of  a  venti- 
lating fan,  drawing  air  in  at  the  one  end  and  expelling  it  at  the 
other.  Again,  in  many  cases,  at  certain  intervals  along  the  length 
of  the  armature,  distance-pieces  of  vulcanised  fibre  are  arranged 
between  neighbouring  core-discs,  so  as  to  keep  them  entirely 
apart ;  free  passages  are  thus  obtained  from  the  inner  air-chamber 
to  the  outside  through  openings  on  the  surface  of  the  core  between 
groups  of  inductors,  so  that  the  air  may  be  drawn  out  by  centri- 
fugal force.  Owing,  however,  to  the  confined  nature  of  such 
internal  apertures  and  passages,  and  the  low  peripheral  velocity  of 
ordinary  armatures  running  at  moderate  speeds,  the  draught  of 
air  which  is  thus  set  up  through  the  interior  openings  is  but 
small,  and  it  is  doubtful  whether  much  advantage  is  obtained  by 
the  supposed  internal  ventilation.  If  the  inside  of  an  armature 
be  accessible  to  a  thermometer,  and  its  temperature  at  the  end 
of  a  long  run  be  measured,  it  will  usually  be  found  to  be  from 
5-10°  F.  higher  than  that  of  the  exterior.  In  fact,  the  temperature 
of  the  core  rises  above  that  of  the  inductors  by  just  so  much  as 
to  cause  the  heat  which  is  generated  within  it  to  be  conducted  to 
both  the  internal  and  external  surfaces,  and  to  be  there  dissipated. 
In  drums  the  internal  temperature  of  the  core  can  seldom  be  so 
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certainly  ascertained ;  no  great  difference  of  temperature  can, 
however,  be  required  to  cause  the  heat  to  pass  through  the  insu- 
lation to  the  external  surfaces,  even  when  the  core-discs  are  keyed 
directly  on  to  the  shaft,  while,  further,  a  somewhat  higher  tempera- 
ture of  the  inside  does  not  endanger  either  the  working  or  the 
durability  of  the  drum  machine.  Still,  any  internal  cooling  sur- 
face must  remain  of  some  value,  and  hence  the  formula  above 
stated  can  only  be  held  to  apply  to  cases  in  which  its  effect  is 
small  as  compared  with  the  cooling  power  of  the  exterior.  On 
this  account  multipolar  armatures  of  large  diameter,  whether  ring- 
or  drum-wound,  stand  on  a  different  footing  :  in  these  the  radial 
depth  of  the  core  bears  a  much  smaller  proportion  to  the 
diameter  than  in  bipolar  machines,  and  not  only  is  the  peripheral 
speed  of  the  outside  comparatively  high,  but  the  linear  speed  of 
the  interior  is  also  proportionately  great ;  hence  the  cooling 
power  of  the  internal  surface  approximates  much  more  closely  to 
that  of  the  outside.  Further,  in  the  case  of  drum-wound  arma- 
tures for  more  than  four  poles,  the  end-connections  become  com- 
paratively shallow,  and  may  be  supported  at  some  distance  from 
the  shaft  \  a  free  circulation  of  the  air  is  thus  obtained  through 
the  inside,  which  renders  its  cooling  effect  comparable  with  that  of 
the  outside.  Hence,  the  output  of  such  armatures  is  more  often 
limited  by  the  reaction  of  their  amp^re-tums  on  the  field  than  by 
the  heating  of  the  winding. 

Finally,  it  is  worth  remarking  that  a  cool  machine  is  by  no 
means  necessarily  efficient ;  although  in  most  cases  these  two 
desirable  qualities  are  attained  by  the  same  means,  still  it  should 
be  remembered  that,  while  the  efficiency  is  dependent  on  the 
ratio  of  the  lost  watts  to  the  useful  output,  the  rise  of  temperature 
is  determined  by  the  ratio  which  the  lost  watts  bear  to  the  cooling 
power  of  the  surfaces. 

It  remains  to  consider  the  question  of  eddy-currents  in  the 
pole-pieces  :  their  existence  is  due  to  sudden  changes  in  the 
distribution  of  the  field  over  the  bored  face  of  the  pole-piece, 
caused  by  rotation  of  the  armature.  If  the  core  of  the  armature 
have  a  smooth  surface,  and  be  uniformly  wound  with  inductors, 
the  length  of  the  interferric  gap  is  constant,  and  the  magnetising 
effect  of  the  armature  current  is  very  uniform  ;  the  only  fluc- 
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tuations  are  those  which  are  produced  when  a  section  of  the 
winding  is  short-circuited  by  the  brushes  (p.  378).  Hence  in  such 
cases  the  eddy-currents  set  up  in  the  pole-pieces  are  so  shght  as  to 
be  negligible.  But  if  the  armature  core  have  Pacinotti  teeth  or 
iron  projections,  and  these  be  few  In  number  and  of  large  size,  as 
in  the  Brush  machine  (p.  442),  the  eddy-currents  in  the  pole-pieces 
may  be  very  considerable  ;  in  fact,  the  temperature  of  the  latter 
may  be  raised  so  much  in  continuous  working  that  they  become 
unbearably  hot  to  the  hand.  The  manner  in  which  these  preju- 
dicial currents  are  created  will  be  seen  from  fig.  156,  (i)  and 
(ii),  which  shows  part  of  a  discoidal-ring  armature  in  plan  as 
viewed  from  above.     While  there  is  a  dense  flow  of  lines  be- 
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Fig.  156.— Discoidal'ring  annature  with  Pacinotti  teeth. 

tween  the  pole-pieces  and  the  tops  of  the  teeth,  very  few  pass 
between  the  pole-pieces  and  the  recesses,  owing  to  the  reluctance 
of  the  air-gap  being  considerably  greater  in  the  latter  case  than  in 
the  former.  Fig.  (i)  shows  the  armature  in  one  position,  fig,  (ii) 
being  a  second  position  after  it  has  moved  forward  a  little.  Now 
as  the  armature  moves  forward,  the  dense  portion  of  the  field 
moves  with  it ;  and  it  results  that  those  portions  of  the  pole-pieces 
which  at  one  moment  have  but  few  lines  passing  through  them 
immediately  afterwards  are  traversed  by  a  large  number,  or  vice 
versd.  The  number  of  lines  passing  through  any  small  portion  of 
the  polar  surface  is  in  this  manner  continually  changing  as  the 
armature  rotates,  and  such  change  must  necessarily  induce 
E.M.F.'s,  and  consequently  currents  in  the  iron    mass  of  the 
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pole-pieces.  Such  currents  do  not  spread  to  any  great  depth  into 
the  pole-piece,  but  whirl  round  in  the  metal  near  the  surface  facing 
the  armature :  they  run  upwards  or  downwards  opposite  each 
projecting  tooth,  and,  dividing,  curve  round  to  complete  their 
circuit  opposite  the  recesses  between  the  teeth.  This  distribution 
continually  moves  forwards  as  the  teeth  themselves  advance.  It 
the  machine  be  running  fully  loaded,  we  have  seen  that  the  re- 
action of  the  armature  current  crowds  the  lines  into  the  trailing 
comers  of  the  poles  ;  hence  it  is  reasonable  to  conclude  that  the 
eddy-currents  and  the  heating  will  be  more  intense  in  the  trailing 
corners  than  in  the  leading  comers,  and  in  practice  this  effect  is 
distinctly  marked. 

The  remedy  for  such  eddy-currents  lies  in  making  the  distance 
between  the  tops  of  the  teeth  and  the  polar  face  bear  a  consider- 
able proportion  to  the  width  of  the  recesses  between  the  teeth. 
Under  these  circumstances,  as  the  armature  rotates,  the  lines, 
instead  of  following  the  advance  of  the  teeth,  snap  across  from 
one  tooth  to  the  next,  and  this  slight  divergence  of  the  magnetic 
tufts  produces  but  little  alteration  in  the  distribution  of  the  lines 
over  the  face  of  the  pole-pieces.  Since,  however,  it  is  required  to 
keep  the  teeth  close  to  the  poles,  it  follows  that  it  is  necessary  to 
reduce  the  width  of  the  recesses  until  they  become  narrow 
grooves ;  hence  in  continuousrcurrent  ring  or  drum  armatures 
with  toothed  core-discs  (p.  251)  the  number  of  the  teeth  and 
grooves  is  usually  large,  and  their  width  correspondingly  small. 
In  practice,  it  is  found  that  if  the  width  of  the  grooves  be  not 
more  than  about  twice  the  clearance  between  the  pole-piece  and 
the  teeth,  sufficient  steadiness  of  the  field  is  obtained  to  avoid  any 
serious  eddy- currents  in  the  poles.* 

Owing  to  the  inferior  electrical  conductivity  of  cast  iron  as 
compared  with  wrought  iron,  it  is  advantageous  to  use  cast-iron 
pole- pieces  in  connection  with  toothed  armatures,  since,  for  the 
same  E.M.F.,  the  magnitude  of  any  eddy-current  will  be  much 
less  in  cast  iron  than  in  wrought  iron. 

'  Vide  Esson  va  Electrical  Reviav,  November  14,  1885,  and  December  18, 
1891,  p.  693,  and  {SsyeTs) /oumal  Inst,  Elec.  Eng,  vol.  xxii.  No.  107,  p.  393. 
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CHAPTER   XIX 

DESCRIPTIONS  OF  TYPICAL  DYNAMOS 

So  many  and  so  varied  are  the  dynamos  now  manufactured  in  this 
and  other  countries  that  space  does  not  permit  us  to  describe  all 
of  even  the  leading  types  of  machines.  Hence  no  attempt  will 
here  be  made  to  exhaustively  classify  and  describe  the  diverse 
makes  of  dynamos ;  and  it  is  only  proposed  to  examine  a  few 
typical  designs,  sufficient  to  illustrate  the  principles  of  foregoing 
chapters. 

I.  Closed-coil  continuous-current  machines.  (A)  Bipolar, 
(i)  The  ring  dynamo  manufactured  by  Messrs.  Johnson  and 
Phillips  affords  a  good  illustration  of  the  2 -pole  overtype 
machine  with  ring-wound  armature  such  as  has  been  already 
shown  in  fig.  2.  It  is  constructed  for  outputs  ranging  from  3  to 
12  kilowatts  for  belt-driving  at  speeds  of  from  1,300  to  1,000 
revolutions  per  minute.  Fig.  157  shows  a  perspective  view  of  a 
5 -kilowatt  machine  giving  130  volts  and  38  amperes  when  run  at 
1,200  revolutions  per  minute.  The  armature  core  is  built  up  of  a 
number  of  annealed  charcoal-iron  discs  '025''  thick  ;  on  the  inner 
periphery  of  these  are  stamped  three  keyways  by  which  they  are 
threaded  over  the  three  arms  of  a  gun-metal  hub,  after  the  manner 
shown  in  fig.  113.  The  hub  is  secured  to  the  shaft  of  mild  steel 
by  a  long  sunk  feather.  In  order  to  check  eddy  currents  in  the 
core,  an  insulating  ring  of  thin  paper  is  inserted  between  each  pair 
of  discs,  the  net  volume  of  iron  being  thus  about  87  per  cent, 
of  the  gross  volume  of  the  core.  The  discs  are  tightened  by  a 
gun-metal  three-fingered  star  driven  up  by  a  nut  screwing  on  the 
shaft ;  a  set  screw  passing  through  the  nut  into  the  shaft  finally 
locks  the  whole,  and  prevents  any  slacking  back  through  vibration 
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or  jarring.  The  external  and  internal  diameters  of  the  discs  are 
8J"  and  5 J"  respectively — ^giving  a  radial  depth  of  iron  of  \\' 
or  '1820 — while  the  length  of  the  core  is  lo^".  The  surface  of 
the  core  is  smooth,  and  is  insulated  with  varnished  paper  and 
tape,  additional  protection  being  afforded  to  the  internal  connect- 


FiG.  157.— Ring  dynamo  of  Messrs.  Johnson  and  Phillipa. 

ing  wires  of  the  Gramme  winding  by  covering  the  three  arms,  and 
lining  the  inside  of  the  core,  with  thin  sheets  of  vulcanised  fibre. 
The  armature  is  wound  with  216  turns  of  double-cotton-covered 
round  wire,  arranged  in  72  coils  of  three  turns  each  :  the  bare  wire 
is  -105"  dia.,  and  the  winding  forms  a  single  layer  on  the  outside 
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and  two  layers  on  the  inside,  an  air-space  remaining  between  the 
internal  wires  and  the  gun-metal  hub  for  ventilation.  The  begin- 
ning and  the  end  of  each  pair  of  contiguous  sections  are  connected 
to  the  lugs  of  a  72-part  commutator  :  these  lugs  are  made  of  thin 
copper  strip,  one  end  being  soldered  into  a  saw-cut  in  the  commu- 
tator segment,  while  the  other  is  bent  round  and  soldered  to  the 
two  armature  wires.  The  commutator  segments  are  of  hard-drawn 
copper,  insulated  with  mica,  and  held  together,  as  shown  in  fig. 
120,  by  a  gun-metal  sleeve  and  collars,  with  insulating  rings  of 
ebonite.  The  length  of  the  commutator  is  sufficient  to  take  two 
brushes,  each  1"  wide,  side  by  side,  and  to  allow  of  a  slight  lateral 
movement  of  the  pair  of  brush-holders  along  the  gun-metal  brush 
spindle  in  order  to  distribute  the  wear  evenly  over  the  surface  of 
the  commutator.  There  are  thus  four  brushes  in  all,  two  on  each 
arm  of  the  rocking-bar,  as  shown  in  fig.  149.  Each  brush  is  of 
copper  gauze  \  "  thick,  and  its  holder  is  provided  with  a  pressure- 
spring,  a  hold-off  catch,  and  a  pointer ;  the  -latter  indicates  the 
correct  length  to  which  the  brush  must  be  pushed  through  the 
brush-holder,  as  wear  takes  place,  so  as  to  maintain  the  proper 
width  of  contact  at  the  brush-tip. 

The  magnet  of  this  machine  is  composed  of  two  slabs  of 
annealed  wrought  iron,  each  10"  wide  x  4J"  thick,  held  to  the 
cast-iron  yoke  in  the  bedplate  by  two  wrought-iron  bolts  passing 
through  from  one  side  to  the  other  (see  fig.  2).  The  magnet  limbs 
are  let  into  recesses  in  the  bedplate  in  order  to  obtain  sufficient 
area  of  joint  through  which  the  lines  of  induction  may  pass  into 
the  cast  iron,  and  both  limbs  and  recesses  are  machined  to  ensure 
an  accurate  fit  In  order  to  increase  the  polar  area  without  unduly 
lessening  the  section  across  the  neck  of  the  pole-piece,  strips  of 
cast  iron  are  screwed  to  the  tips  of  the  wrought-iron  poles,  so  as 
to  form  polar  extensions  both  above  and  below  the  armature 
(cp.  fig.  13s).  These  projecting  'horns'  approach  each  other 
more  closely  at  the  top  than  at  the  bottom,  so  as  to  equalise  the 
fields  above  and  below  a  horizontal  diameter,  and  prevent  a  down- 
ward magnetic  pull  on  the  armature  (p.  283). 

The  cast-iron  yoke  has  an  area  about  75  per  cent,  in  excess  of 
the  area  of  the  wrought-iron  limb,  and  together  with  the  bedplate 
and  bearing  standards  forms   one  casting.      The   bearings  are 
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bushed  with  gun -metal  and  are  oiled  by  sight-feed  lubricators,  the 
feed  of  which  can  be  adjusted  by  a  thumb-screw  to  the  required 
number  of  drops  per  minute.  The  armature  is  thoroughly  pro- 
tected externally  from  injury  by  a  gun-metal  grid  screwed  on  the 
magnet  top  and  by  guards,  formed  of  portions  of  copper  spinnings, 
which  encircle  the  ends  of  the  armature. 

The  machine  is  shunt-wound,  and  the  field-winding  is  of  '042^ 
round  wire,  double-cotton-covered  to  '057",  wound  on  two  sheet- 
iron  *  formers,'  which  are  slipped  on  over  the  magnet-limbs.  On 
each  former  there  are  eleven  layers,  and  the  two  bobbins  are  con- 
nected in  series.    The  resistance  of  the  shunt  is  50  ohms,  whence 

€,=  ^=2'6  ;  the  resistance  of  the  armature  is  'ii  ohm,  or,  say, 

'12  when  warm  after  a  run  of  some  hours.  The  loss  of  volts  over 
the  armature  at  full  load  is  therefore  C4R«=4o-6  x  •i2=4'9,  whence 
the  internal  E.M.F.,  EaS=i3o+4*9.  The  total  number  of  lines  in 
the  armature  at  full  load  is  therefore  by  equation  (i  i) 

^  _EaX6oxio«_i34-9x6oxio"_^  ,«^^^ 
z  -=_« =  _siz.i =3,120,000. 

tXN  216x1,200 

The  floor-space  required  by  this  dynamo  is  3'— 4"  x  1^7", 
and  the  weight  of  the  machine  complete  is  11*3  cwt. 

(2)  The  'Manchester'  dynamo  manufactured  by  Messrs. 
Mather  and  Piatt  is  illustrated  in  fig.  158,  and  is  the  original  firom 
which  is  derived  the  type  of  double-horseshoe  2-pole  magnet  that 
has  often  been  previously  mentioned  as  the  'Manchester'  field 
(fig.  125).  The  cylindrical  wrought-iron  magnet  cores  are  let  into 
circular  recesses  in  the  massive  cast-iron  pole-pieces,  and  a  large 
contact  surface  is  thus  obtained  between  the  two  metals,  while  the 
area  of  the  cast  iron  itself  is  very  considerably  greater  than  that  of 
the  wrought  iron.  Two  set  screws  serve  to  further  bind  the 
vertical  cores  into  the  lower  pole-piece.  In  some  cases  the 
pole-pieces  are  bored  out  to  a  radius  slightly  laiger  than  will  be 
required  to  give  the  necessary  clearance  round  the  completed 
armature,  and  are  subsequently  brought  nearer  to  each  other ;  the 
length  of  air-gap  thus  becomes  slightly  less  on  a  vertical  diameter 
than  at  the  polar  tips,  and  the  result  is  to  concentrate  the  field 
more  densely  at  the  centre  of  the  pole-pieces.    The  armature  core 
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is  constructed  of  thin  iron  discs  passed  over  arms  which  project 
longitudinally  from  a  brass  frame  or  spider,  keyed  to  the  shaft  at 


Fic.  158.— Manchester  dynapio  of  Messrs.  Mather  and  Piatt. 

the  one  end  ;  at  the  other  a  brass  end-plate  is  driven  up'" so  as  to 
compress  the  discs,  and  is  held  in  position  by  a  nut  and  lock-nut 
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There  is  thus  a  free  internal  space  between  the  shaft  and  the  discs, 
through  which  pass  the  inner  wires  of  the  Gramme  or  ring  winding. 
The  commutator  segments  are  of  hard-drawn  copper  insulated  with 
mica.  The  armature  shaft  is  of  Bessemer  steel,  and  the  bearings 
of  gun-metal,  supported  on  extensions  from  the  lower  pole-piece, 
which  forms  the  base-plate.  Thus  the  axis  of  rotation  is  kept  low, 
giving  great  steadiness  of  running  at  high  speeds,  while  the  whole 
is  compact  and  occupies  but  little  floor-space.  On  the  top  of  the 
upper  pole-piece  is  mounted  a  terminal  board  of  polished  wood. 
The  machine  illustrated  has  an  output  of  loo  volts  and  130 
amperes  at  a  speed  of  1,050  revolutions  per  minute,  and  is  com- 
pound-wound for  incandescent  lighting,  with  the  series  coils  outside 
the  shunt.  It  is  also  series-wound  for  lighting  arc  lamps  in  series, 
in  which  case  the  output  is  6c(o  volts,  and  15  to  20  amperes,  at  a 
speed  of  1,100  revolutions.  The  standard  pulley  for  b>elt-driving 
is  12"  in  diameter  with  8"  width  of  face,  and  the  over-all  dimen- 
sions of  the  complete  machine  are  3-8"  length  from  outer  edge 
of  pulley  to  end  of  commutator  bearing,  2'-8"  width  over  the 
outside  of  the  field-coils,  and  1-6"  height  to  top  of  pole-piece. 
The  weight  of  the  machine  complete  is  12^  cwt,  and  of  the 
armature  alone  2\  cwt  Full  particulars  of  the  dimensions  and 
winding  of  this  dynamo  for  incandescent  lighting  have  been 
published  by  the  Drs.  Hopkinscn  in  *PhiL  Trans.'  Part  I.  i886,» 
from  which  paper  the  following  details  are  taken  : — 

External  diameter  of  core  .  .  .  •  9^" 
Diameter  of  internal  opening  through  core  .  5  J" 
Length  of  core  oyer  end -plates       .        .        .        9^" 

Thus  the  radial  depth  of  the  core  discs  is  2*\  or  *2i  d.  The 
gross  sectional  area  of  the  two  sides  of  the  ring  is  38  sq.  in., 
and  the  net  area  of  iron,  after  deduction  for  the  paper  insulation 
between  the  discs,  38  x  •9=34*2  sq.  in.,  or  220-5  sq.  cm.  The 
winding  consists  of  160  turns  of  wire,  '134"  diameter  (No.  10 
B.W.G.),  forming  a  single  layer  on  the  outside,  and  divided  into 
forty  sections  of  four  turns  each.  The  resistance  of  the  armature 
is  *o47  ohm. 

'  Reprinted  in  Original  Papers  on  Dynamo  Machinery^  pp.  79-133. 
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Length  of  magnet-cores  between  pole-pieces 
Bore  of  pole-piece         .... 
Width  of  gap  between  the  poles    . 
Angle  subtended  by  the  pole-pieces 
Diameter  of  magnet-core 


loi" 
loj" 
31" -10-8/, 

139** 
6" 

cm.,  while  the 


whence  the  area  of  the  two  cores  is  365  sq. 

smallest  area  of  the  cast-iron  pole-pieces  is  955  sq.  cm.,  or  more 

than  twice  as  great. 

On  each  magnet-core  there  are  2,196  turns  of  copper  wire 
•058"  diameter  (No.  17  B.W.G.),  and  these  two  shunt  coils  are 
connected  in  series,  their  total  resistance  being  26*85  ohms. 
There  are  thus  approximately  8,200  amp^re-tums  furnished  by  the 
shunt  on  each  of  the  two  magnetic  circuits.  The  resistance  of  the 
series  coils  is  '0245  ohm,  giving,  when  warm,  a  loss  of  about  3*5 
volts  at  full  load.  The  loss  of  volts  over  the  armature,  when 
warm,  being  6*9,  the  total  number  of  lines  required  at  full  load  is 

110-4x60x10*     ^^-^^^^ 

Za=  — ^ =3>9So,ooo. 

•        160x1,050         ^'^^  ' 

Hence  8^=17,900,  and  the  average  value  of  the  induction  over  the 
area  of  the  air-gap,  after  allowing  for  a  fringe  beyond  the  bored 
polar  face  of  a  width=*8/^,  is  b^= 5,000.  Assuming  that  in  the 
magnet-core  z,»=  1*492^* =5,890,000,  b,^=  16,100.  The  total  am- 
pere-turns required  at  full  load  are  approximately  13,000  on  each 
magnet-core. 

The  following  table  gives  the  results  of  efficiency  tests  made 
with  this  machine,  approximately  at  full  and  at  one-third  load  : — 


Rcvfc 

Output 

Power 
supplied 
in  watts 

Percentage  lost  in 

Effici- 
ency 

Lead 

of 
brushes 

Volts. 

Amps. 

Armature 

Shunt 

Series 
coils 

Other 
losses 

1.098 
«.094 

xoo'z 
103*8 

139 
43*48 

16,684 
S.367 

5-8 
a-o 

a'a 
75 

3? 

I'D 

«-9 
55 

V 

"/ 

In  larger  sizes  an  efficiency  of  93  per  cent,  is  obtained. 

(3)  The  'Manchester'  type  of  field  is  again  illustrated  by 
fig.  159,  which  shows  a  machine  manufactured  by  Messrs.  Brown, 

»  Seep.  311. 
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Boveri  &  Co.,  of  Baden,  Switzerland.    The  circular  magnet-cores 
are  here  not  let  into  the  pole-pieces,  but  are  fastened  by  screws 


I 

O 
I 


to  flat  seatings.  Across  the  centre  of  each  pole-piece  runs  a  deep 
V-shaped  groove,  the  object  of  which  is  not  only  to  lighten  the 
magnet  (cp.  p.  277),  but  also  to  increase  the  reluctance  of  the 
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cross-induction  path,  and  so  to  lessen  the  displacement  of  the 
field  by  the  cross  ampire-tums  of  the  armature  (cp.  p.  374).  A 
web  uniting  the  two  halves  of  the  upper  pole-piece  supplies  a  means 
of  lifting  the  entire  machine.  Three  slide  rails  are  seen  in  fig.  159, 
on  which  the  dynamo  can  be  slid  backwards  or  forwards  by  the 
two  tightening  screws  on  the  outside  rails,  so  as  to  keep  the 
driving  belt  at  its  due  tension. 

(4)  The  Edison-Hopkinson  dynamo  is  also  manufactured  by 
Messrs.  Mather  and  Piatt,  and  with  its  drum-wound  armature 
and  undertype  single  horseshoe  field  is  one  of  the  best-known 
machines.  At  once  scientifically  designed  and  simply  but  well 
constructed,  many  of  its  features  have  been  extensively  copied, 
especially  in  England,  where  the  majority  of  large  continuous- 
current  dynamos  have  been  modelled  after  its  pattern.  Taking  as 
their  starting-point  the  original  Edison  machine,  Drs.  J.  and  E. 
Hopkinson  so  improved  its  design  (especially  by  perfecting  its 
magnetic  circuit),  and  so  simplified  its  construction,  that  its  new 
form  became  at  once  greatly  more  efficient,  less  bulky,  and  less 
costly  to  manufacture.  The  general  design  of  the  undert3rpe 
2-pole  field  (cp.  fig.  123)  has  been  already  discussed  (p.  266),  and 
the  special  form  adopted  in  the  Edison-Hopkinson  machine  is 
illustrated  by  fig.  160.  The  whole  of  the  magnetic  circuit  is 
composed  of  wrought-iron  forgings  of  annealed  hammered  scrap 
or  in  modem  machines  of  cast  steel.  Pole-piece  and  magnet- 
core  are  in  one  piece,  and  the  two  limbs  thus  formed  are  joined 
together  by  a  massive  rectangular  yoke  screwed  on  at  the  top.  A 
footstep  of  zinc  raises  the  pole-pieces  of  the  magnet  to  a  con- 
siderable height  above  the  cast-iron  bedplate,  on  which  are 
bolted  the  two  low  cast-iron  plummer-blocks  carrying  the  arma- 
ture shaft. 

The  armature  core  is  built  up  of  a  number  of  soft  wrought-iron 
discs,  insulated  one  from  another  by  thin  sheets  of  paper.  A  plain 
circular  hole  through  their  centre  enables  them  to  be  passed  over 
the  shaft,  which  is  of  Bessemer  steel,  and  they  are  then  compressed 
between  two  stouter  end-plates,  one  of  which  is  secured  by  a  collar 
shrunk  on  to  the  shaft,  while  the  other  is  driven  up  tight  by  a  nut 
and  lock-nut  screwed  on  the  shaft  (cp.  fig.  115).  Since  the  core- 
discs  are  threaded  directly  on  the  shaft,  there  is  no  internal 
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ventilation  of  the  core.  In  the  first  instance  the  discs  were 
insulated  from  the  shaft,  the  central  hole  being  larger  in  diameter 
than  the  turned  shaft ;  but  experience  shows  that  if  the  discs  of 


Fig.  x5o.— The  Edison-Hopkinson  dynamo. 

an  armature  of  this  type  are  well  insulated  from  each  other  in 
planes  at  right  angles  to  the  shaft,  this  precaution  may  be  dispensed 
with.  The  commutator  is  built  up  of  copper  bars,  after  the  fashion 
shown  in  fig.  119,  with  mica  insulation. 

For  small  outputs  the  armature  is  drum-wound  with  loops  of 
round  wire,  the  convolutions  at  the  ends  of  the  core  being  wrapped 
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round  the  shaft  But  for  large  outputs  the  armature  inductors 
are  bars  of  rectangular  or  trapezoidal  section,  distinct  from  the  end- 
connectors.  To  form  the  end-connections  Dr.  Hopkinson  devised 
a  system  of  strips  of  copper  forming  two  series  of  spirals  in  two 
planes  at  right  angles  to  the  shaft  (Patent  No.  4,884,  1886).  One 
method  of  forming  these  is  shown  in  fig.  161.  A  number  of 
wedge-shaped  copper  pieces,  each  insulated  from  its  neighbours, 
are  assembled  in  a  ring  round  a  wooden  hub ;  into  a  saw-cut  in 
each  of  these  are  soldered  two  copper  strips,  which  are  bent  in 
opposite  directions,  so  as  to  span  the  diameter  of  the  core,  and 
their  ends  are  soldered  to  a  long  and  a  short  armature  bar  re- 
spectively.    Each  complete  connector  is  entirely  insulated,  and 


Fig.  i6z.— Hopkinson  end-connector  for  drum  armature. 

the  current,  therefore,  flows  from  a  short  bar  into  one  curved  strip, 
along  the  copper  segment  and  out  through  the  other  curved  strip  . 
into  a  long  bar.  At  the  one  end  of  the  armature  the  copper  wedge- 
shaped  pieces  are  continued  outwards  to  join  the  commutator 
segments ;  thus  the  ends  of  a  loop  situated  in  a  vertical  plane  are 
connected  to  segments  lying  in  a  horizontal  plane.  In  consequence 
the  plane  of  commutation  in  a  vertical  2-pole  dynamo  becomes 
approximately  horiaontal,  and  the  position  of  the  brushes  is 
rendered  convenient  for  observation  and  attention. 

A  complete  account  of  an  Edison-Hopkinson  machine  with 
wire-wound  armature  for  an  output  of  105  volts  320  ampferes  when 
running  at  750  revohitions  per  mmute  is  contained  in  the  pre- 
viously cited  paper  of  the  Drs.  Hopkinson.  The  leading  dimensions 
are  as  follows  : — 
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Diameter  of  core        ....      9I" 
Diameter  of  internal  hole  .  •       3" 

Length  of  core  over  end-plates   .        .20" 
Diameter  of  shaft       ....       2}" 

The  armature  is  wound  with  forty  loops  (r=8o)  of  a  stranded 
conductor  containing  sixteen  wires,  '069''  diam. :  the  loops  are 
wound  in  two  layers  and  are  connected  to  a  40-part  commutator. 


Width  of  magnet-core  parallel  to  shafi 

t    I7i" 

Thickness  of  magnet-core  . 

8}" 

Length  of  magnet-core 

18" 

Width  of  pole-piece  parallel  to  shaft 

19" 

Bore  of  field 

io»" 

,  whence /,  =  1S" 

Height  of  zinc  base    . 

5"  ' 

.8J/ 

Width  of  gap  between  pole-pieces 

.      5" 

-8J/, 

Polar  arc 

.  129'' 

The  field  is  shunt-wound ;  each  coil  consists  of  eleven  layers  of 
wire,  '095"  diaoL,  wound  directly  on  the  limbs,  the  two  together 
giving  3,260  turns  with  a  resistance  of  16*93  ohms  at  a  temperature 
of  57°  F.  Thus  the  normal  magnetising  current  when  the  shunt 
is  warm  is  about  6  amperes,  giving  19,500  ampere-turns. 

The  resistance  of  the  armature  also  at  57**  F.  is  '009947,  or, 
say,  'Oil 5  ohm  when  hot.  Thus  the  loss  of  volts  over  the  arma- 
ture is  'oi  15  X  326=3-75  :— 

whence  e«=  105  -h  375=  io8'75, 

and  z,  (at  full  load)='^^'7^  ^^^^  ^^'=10,875,000. 

^  '  80x750 

Allowing  6'5  per  cent,  of  the  length  of  the  armature  core  for  the 
thickness  of  the  insulation  between  the  discs,  and,  on  the  other 
hand,  making  a  slight  allowance  for  induction  through  the  shaft, 
the  effective  area  of  iron  in  the  armature  may  be  taken  as  810 
sq.  cm. ;  whence  b«=  13,500.  The  effective  area  of  the  air-gap 
is  1,600  sq.  cm. ;  whence  b^=6,8oo,  a  figure  showing  the  great 
intensity  of  the  field.  Assuming  z,„=i'32  z^  (p.  312),  the  induc- 
tion in  the  magnet-cores  is  8^=14,700. 

The  weight  of  the  dynamo  complete  is  51^  cwt,  and  of 
armature  alone  <\  cwt.  With  standard  pulley,  20''  diameter 
X 12"  wide,  the  over-all  dimensions  are  6'-i"  length,  2'-iiy  width 
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over  bedplate,  4'-i"  total  height.  With  bar  armature  the  same 
machine  is  constructed  to  give  105  volts  350  amperes  at  the  lower 
speed  of  650  revolutions  per  minute. 

The  commercial  efficiency  which  is  attained  in  these  machines 
is  remarkable,  and  is  guaranteed  to  be  from  90  to  94  per  cent. ; 
in  tests  of  a  machine  similar  to  that  described  above,  and  intended 
for  a  normal  output  of  no  volts  320  amperes  at  780  revolutions, 
the  following  results  were  obtained : — 


Revs. 

Output 

Power 

Percentage  lost  in 

Efficiency 

Volts. 

Amps. 

watts 

Armature 

Shunt 

Otherlosses 

764 
It 

801 

810 

1 

IIO'I2 

IIO-6 
1 25 '8 
1272 
129 -I 

36336 
356*4 
15656 

42,917 
42,326 
21,900 
ii,8«4 
5,425 

3-17 
3-11 
x-235 

•63 
•24 

1-66 

17 

4-26 

8-04 

.8-. 

1-94 
209 
4-535 
673 
12-73 

93-23 

89-97 
846 

68-93 

An  Edison-Hopkinson  machine  with  bar-armature  for  an  out- 
put of  no  volts  475  ampferes  at  430  revolutions  per  minute,  directly 
coupled  to  a  high-speed  Willans  engine,  gave  the  following  results : — 

Resistance  of  shunt,  15*6  ohms.    Loss  over  shunt,  756  watts  » 1*4  %  of  output 
„  armature, '0058  ohm.    „  armature,  1,386  watts  «  2*6        „ 

Over-aU  efficiency  of  combination  =  ?i?r^:  ^^^Z!!™!!^  =  83-3  per  cent. 

I.  H.  F  of  engine 

The  three  large  machines  built  by  Messrs.  Mather  and  Piatt 
for  the  generating  station  of  the  City  and  South  London  Electric 
Railway  are  similar  to  fig.  160:  each  is  belt-driven  and  has  an 
output  of  450  amperes  at  500  volts,  or  225  kilowatts,  when  run- 
ning at  500  revolutions  per  minute.  In  these  the  pole-pieces  are 
of  cast  iron,  and  the  weight  of  the  complete  magnet  is  1 1  tons. 
The  armature  weighs  nearly  3  tons,  and  is  carried  by  three  bear- 
ings, a  separate  bearing  being  provided  outside  the  pulley  to  take 
part  of  the  strain  of  the  belt  and  give  additional  security.  The 
whole  machine  with  its  bedplate  weighs  17  tons. 

The  Edison-Hopkinson  dynamos  at  the  electric -light  station 
of  the  Manchester  Corporation  are  of  the  same  type  as  the  above, 
and  give  410  volts  590  amperes  or  240  kilowatts  at  400  revolu- 
tions per  minute :  each  machine  weighs  24  tons,  and  yields  600 
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watts  per  revolution  per  minute.  When  tested  by  the  method 
described  in  Chap.  XX.  they  gave  an  efficiency  of  95*2  per  cent,* 
any  increased  friction  due  to  the  pull  of  the  belt  being  neglected. 

(5)  In  fig.  162  is  shown  an  overtype  drum  dynamo  for  belt- 
driving,  constructed  by  Messrs.  W.  H.  Allen,  Son  &  Co.  While 
the  field-magnet  is  of  the  construction  shown  in  fig.  2,  the  arma- 
ture is  in  this  case  drum-wound,  and  is  built  up  in  the  following 
manner.  On  the  shaft,  which  is  of  Siemens-Martin  steel,  is  turned 
a  collar  near  the  pulley  end,  and  a  strong  cast-iron  end-plate, 
bored  to  fit  the  shaft,  is  passed  along  until  it  abuts  against  this 
collar.  Along  the  entire  length  of  the  core  four  keyways  are 
accurately  machined  to  fit  corresponding  projections  stamped  on 
the  inner  periphery  of  the  discs.  These  are  of  annealed  charcoal- 
iron,  '025"  thick,  and  in  order  to  insulate  their  flat  surfaces  from 
one  another  they  are  varnished  or  separated  by  thin  paper.  After 
the  discs  are  threaded  over  the  shaft,  a  second  cast-iron  end-plate 
is  put  on,  and  the  whole  is  tightened  up  by  a  nut  screwing  on  the 
shaft,  and  locked  by  a  set  screw.  The  length  of  the  completed 
armature  core  is  slightly  greater  than  the  length  of  the  pole-pieces 
parallel  to  the  shaft,  and  the  solid  end-plates,  being  of  smaller 
diameter  than  the  core-discs,  are  kept  well  out  of  the  magnetic 
field.  The  bearings  are  self-lubricating,  oil-rings  threaded  over 
the  journals  and  dipping  in  a  reservoir  serving  to  distribute  the 
lubricant  when  the  machine  is  at  work. 

The  following  are  the  leading  dimensions  of  a  belt-driven 
machine  for  an  output  of  65  volts  and  170  amperes  when  running 
at  700  revolutions  per  minute.  Armature  core  lo^"  diameter 
X 10"  long,  with  a  radial  depth  to  the  discs  of  2^"  :  wound  with 
144  inductors,  each  composed  of  three  strips  "200"  high  x '054" 
thick.  The  centre  strip  is  lightly  insulated  with  silk  wound  spirally 
round  it,  the  side  strips  being  shellacked  :  the  laminated  bar  thus 
formed  is  twisted  at  its  centre  so  as  to  eliminate  eddy-currents 
(p.  247).  The  connectors  have  a  width  of  i:^"  and  are  -040'' 
thick  ;  it  will  thus  be  seen  that  the  sectional  area  of  the  inactive 
connector  is  over  \\  times  the  area  of  the  active  inductor.  The 
commutator  has  72  segments  built  up  as  in  fig.  120,  and  the 

»  Electrician^  October  6,  1893. 
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resistance  of  the  armature  is  '0202  ohm.    The  magnet  limbs  have 
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a  cross-sectional  area  9i"xsi",  and  the  length  of  winding  on 
each  former  is  9J".     The  field  is  compound-wound,  fifteen  layers 
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of  -069"  shunt  wire  and  one  layer  of  •310"  x -200"  rectangular 
'main'  wire  being  wound  on  each  former.    The  two  shunt- 
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coils  are  connected  in  series,  while  the  two  *main'  coils  are 
in  parallel.  The  rise  of  temperature  in  continuous  working 
does  not  exceed  55**  F.  in  any  part  of  the  machine.     When 
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provfded  with  a  fast  and  a  loose  pulley,  a  third  bearing,  carried 
on  an  extension  of  the  bedplate,  is  placed  outside  the  pulleys ; 
two  brackets  fitted  to  the  base-plate  carry  a  screwed  spindle,  on 
which  are  mounted  two  travelling  arms  forming  a  belt  fork.  On 
rotating  the  spindle  by  a  hand-wheel,  the  belt  is  shifted  by  the 
arms  from  the  fast  to  the  loose  pulley,  or  tfice  versA,  The  weight 
of  the  machine  complete,  with  fast  and  loose  pulley,  third  standard, 
and  belt-shifting  gear,  is  19  cwt. 

Fig.  163  shows  an  engine-driven  dynamo  manufactured  by  the 
same  firm.  The  shaft  of  the  armature  has  a  solid  coupling  forged 
on  it,  and  is  coupled  directly  through  the  fly-wheel  to  the  crank-shaft 
of  an  Allen  double-acting  engine.  The  undertype  field-magnet 
is  built  up  of  wrought -iron  forgings  after  the  manner  of  fig.  123, 
and  each  limb  is  supported  on  a  pair  of  gun-metal  angle  brackets, 
the  one  screwed  to  the  pole-piece  by  manganese-bronze  screws, 
and  the  other  bolted  to  the  cast-iron  base-plate.  The  arrange- 
ment keeps  the  axis  of  rotation  low,  and  at  the  same  time  enables 
each  magnet-limb  to  be  slid  horizontally  away,  should  it  be  desired 
at  any  time  to  examine  or  remove  the  armature.  Further,  the 
minimum  distance  between  the  iron  of  the  pole-piece  and  the  iron 
of  the  base-plate  being  considerable,  the  loss  of  lines  by  magnetic 
leakage  is  extremely  small.  In  a  machine  having  an  output  of  80 
volts  and  500  amperes,  at  a  speed  of  200  revolutions  per  minute, 
the  armature  core  is  18''  in  diameter,  and  is  built  up  of  discs  '025" 
thick,  insulated  with  paper  :  the  winding  of  the  armature  consists 
of  104  laminated  bars,  each  composed  of  six  strips  '072"  x '510" 
united  to  a  52-part  commutator.  The  sectional  area  of  the  con- 
nectors is  *3  square  inch,  and  the  resistance  of  the  armature 
when  warm  is  '005  ohm.  The  current  is  collected  by  five  i  J" 
gauze  brushes.  The  polar  angle  is  136^  :  at  the  extremities  of  the 
pole-pieces  furthest  from  the  yoke,  the  wrought-iron  polar  exten- 
sions are  forged  solid  with  the  Umbs,  and  approach  one  another 
more  closely  than  do  the  cast-iron  'horns'  screwed  on  at  the 
upper  edges  of  the  poles  (cp.  fig.  135).  By  this  means  the  field  is 
distributed  evenly  round  the  bore,  and  any  excessive  upward  pull 
of  the  magnet  on  the  armature  is  prevented.  The  field  is  shunt- 
wound  with  34,000  amp^re-tums,  the  wire  having  a  rectangular 
section  in  order  to  economise  the  space  occupied  on  the  formers. 
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(6)  To  Messrs.  Siemens  Bros.  &  Co.  belongs  the  credit  of 
having  built  what  are  probably  the  largest  2-pole  direct-coupled 
dynamos  in  existence,  and  with  an  account  of  these  we  conclude 
our  description  of  bipolar  continuous-current  dynamos.  Their 
output  is  250  kilowatts,  viz.  250  volts  at  1,000  amperes,  and  they 
are  coupled  directly  to  double-acting  engines  running  at  350 
revolutions  per  minute :  thus  the  ratio  of  their  watts  of  output 
to  revolutions  per  minute  (cp.  Chap.  XX.)  is  as  much  as  715. 
The  over-all  diameter  of  the  armature  is  30  inches,  the  width  of 
the  core  or  of  the  magnet  parallel  to  the  shaft  being  40  inches. 
The  dynamo  illustrated  in  fig.  164  is  similar  but  of  smaller  size  : 
it  is  one  of  three  combined  sets  which  were  shown  at  the  Royal 
Naval  Exhibition  held  in  London  in  1891,  and  which  have  since 
been  in  constant  use  as  part  of  the  generating  plant  of  the  central 
power  station  for  driving  Messrs.  Siemens  Bros.  &  Co.'s  works 
at  Woolwich.  It  is  capable  of  maintaining  continuously  an 
output  of  1,500  amperes  at  120  volts  or  180  kilowatts,  and  is 
coupled  directly  to  a  single-acting  engine  running  at  350  revolutions 
per  minute.  The  engine,  which  is  of  the  standard  I.I.I,  size, 
manufactured  by  Messrs.  Willans  &  Robinson,  is  capable  of 
indicating  300  horse-power  with  a  steam  pressure  of  130  lb.  per 
sq.  in.,  and  when  tested  at  the  Exhibition,  shortly  before  its  close, 
the  over-all  efficiency  of  the  combination  at  full  load,  or  the  ratio 
of  the  electrical  power  at  the  terminals  to  the  power  indicated  in 
the  cylinders  of  the  engine,  was  as  high  as  84  per  cent.  Assuming 
the  brake  H.P.  of  the  engine  to  be  about  90  per  cent,  of  the  I.H.P., 
the  commercial  efficiency  of  the  dynamo  is  thus  93*5  per  cent 

The  dynamo  is  of  the  undertype  single-horseshoe  form  shown 
in  fig.  123  with  a  drum-wound  armature.  The  latter  is  24"  in 
diameter  with  a  length  of  36",  and  is  built  up  of  soft-iron  discs 
mounted  directly  on  a  6''  steel  spindle,  which  measures  7  feet 
2\  inches  from  the  commutator  end  up  to  the  face  of  the  forged 
coupling  by  which  it  is  bolted  to  the  engine  crank-shaft  Owing 
to  the  small  number  of  commutator  segments  that  are  necessary 
to  obtain  the  voltage,  and  the  large  size  of  inductor  that  is  required 
to  carry  the  current,  the  armature  is  treble-wound  in  order  to 
avoid  sparking  and  heating  by  eddy-currents  (p.  390).  Each 
winding  consists  of  48  bars,  making  144  bars  in  all :  these  are 
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connected  to  a  joint  7  2 -part  commutator,  in  which  the  segments 
of  any  one  winding  occur  alternately  with  those  of  the  other  two 
windings.  The  bars  are  composed  of  a  number  of  strands  twisted 
together  (p.  248)  and  compressed  into  a  rectangular  shape.  The 
commutator  is  12^"  in  diameter,  and  has  a  wearing  surface  9" 
long,  the  sections  being  of  hard-drawn  copper,  insulated  with  mica. 
There  are  three  brushes  on  each  of  the  two  brush-spindles,  and 
each  brush  is  formed  of  four  copper  gauze  brushes,  each  2"  wide 
xi"  thick,  laid  one  above  the  other,  the  great  width  of  contact 
which  such  a  composite  brush  gives  being  necessitated  by  the 
fact  that  with  the  treble-winding  each  brush  must  cover  at  least 
two  commutator  segments  and  the  adjacent  insulating  strips 
simultaneously.  For  greater  convenience  in  moving  the  heavy 
cast-iron  rocking-bar  and  brush  gear,  the  whole  is  arranged  to  be 
rotated  round  the  commutator  by  a  worm  and  worm-pinion. 

The  magnet  is  composed  of  three  massive  wrought-iron 
forgings,  having  a  sectional  area,  34^"  x  i6|",  bolted  together  after 
the  same  manner  as  in  the  last-described  dynamo.  It  is  supported 
by  gun-metal  brackets  screwed  to  the  limbs  and  bolted  to  the  cast- 
iron  combination  base-plate,  the  minimum  distance  between  iron 
and  iron  being  such  that  the  magnetic  leakage  is  kept  within 
reasonable  limits :  two  of  these  brackets  on  the  one  side  of  the 
dynamo  are  seen  in  the  illustration.  The  whole  of  the  weight  of 
the  fly-wheel  and  armature  is  taken  by  the  inner  main  bearing  of 
the  engine  and  the  outer  bearing  of  the  dynamo,  the  latter  being 
bushed  with  a  gun-metal  sleeve  13^"  long,  and  fitted  with  two 
sight-feed  lubricators.  The  field  is  shunt-wound,  and  the  two 
formers  are  provided  with  shackles  for  the  purpose  of  lifting  them 
off  or  replacing  them  on  the  limbs.  At  the  ends  of  the  bobbins 
are  substantial  hard-wood  flanges,  and  upon  an  extension  of  the 
upper  flanges  above  the  commutator  are  mounted  the  gun-metal 
terminal  blocks  :  each  of  these  is  connected  to  the  brush-holders 
by  two  flexible  cables  having  a  total  cross-sectional  area  of 
I '6  sq.  inch. 

The  total  weight  of  the  dynamo  is  13 J  tons,  and  of  the  arma- 
ture nearly  2\  tons. 

I.  (B.)    Multipolar  closed-coil  continuous-current  dynamos, 

(7)  The  4-pole  dynamo  of  fig.  165,  which  represents  a  machine 
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manufactured  by  the  Maschinenfabrik  Oeilikon  in  Switzerland, 
exemplifies  a  type  of  field  which  has  found  great  favour  for  large 
outputs,  especially  on  the  Continent  and  in  the  United  States. 
A  diagram  of  the  field-magnet  has  already  been  given  in  fig.  129. 
The  machine  illustrated  has  a  ring  armature  wound  with  400  loops 
of  a  stranded  cable,  which  forms  a  single  layer  on  the  outside 
and  a  double  layer  on  the  inside  :  the  output  is  270  ampires  and 
625  volts,  or  170  kilowatts  at  500  revolutions  per  minute.  The 
diameter  of  the  armature  core  is  37  J",  and  its  length  19^",  the 
radial  depth  of  the  core-discs  being  nearly  6".  Two  loops  of  the 
armature  winding  are  connected  to  each  of  the  200  segments  of 
the  commutator,  the  current  in  each  quarter  of  the  winding  being 
67^  amperes  (cp.  p.  389),  and  opposite  pairs  of  brushes  are 
connected  in  parallel  The  radial  poles  are  cast  in  one  with  the 
two  halves  of  the  yoke-ring,  the  exciting  coils  being  passed  over 
them  from  the  inside.'  Later  machines  of  the  same  type  have 
circular  yoke-rings  and  drum  armatures  with  curved  evolute  end- 
connectors.* 

(8)  The  drum  dynamo  (fig.  166),  manufactured  by  Messrs. 
Crompton  &  Co.  for  large  outputs,  affords  a  good  illustration  of 
the  peculiar  4-pole  field  with  two  distinct  magnets,  such  as  has 
been  typically  shown  in  fig.  130.  Each  magnet  is  composed 
entirely  of  rectangular  wrought-iron  forgings,  the  yoke  being 
bolted  between  the  two  limbs,  on  which  are  wound  a  pair  of  mag- 
netising coils.  The  horseshoes  being  placed  horizontsJly  on  either 
side  of  the  armature,  four  equal  interpolar  gaps  are  obtained,  two 
on  a  vertical  and  two  on  a  horizontal  diameter  :  in  the  illustration 
these  are  hidden  by  substantial  gun-metal  distance-pieces,  screwed 
to  the  corners  of  the  poles,  and  serving  to  stay  the  whole  magnetic 
system.  Each  horseshoe  is  supported  from  the  bedplate  by  high 
brackets  of  gun-metal,  so  as  to  minimise  the  magnetic  leakage  from 
the  two  lower  limbs  and  pole-pieces  into  the  bedplate.    Sheet- 

>  For  a  machine  of  the  same  t^e  but  with  6  poles,  constructed  by  Messrs. 
Brown,  Boveri  &  Co.,  to  give  1,025  amperes  at  400  volts  for  the  Heilmann 
locomotive,  see  the  Engineer ^  February  9,  1894. 

'  Similar  designs  have  been  adopted  by  the  General  Electric  Company  of 
America  for  electric  traction  work,  and  are  fiilly  described  and  illustrated  in 
Engineeritig^  August  16,  1895. 
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metal  formers  with  wooden  flanges,  insulated  with  mica  and 
varnished  tape,  are  used  to  carry  the  field-coils  :  these,  as  well  as 
the  armature,  are  carefully  dried  in  an  oven,  both  before  and  after 
winding. 

The  armature  core  is  composed  of  charcoal-iron  discs,  insu- 
lated from  one  another  by  varnish  :  they  are  mounted  on  several 
aluminium  bronze  radial  arms,  which  are  fitted  into  projections 
running  along  the  length  of  a  cylindrical  cast-iron  hub,  the  latter 
being  itself  keyed  to  the  steel  shaft.  The  driving  force  is  trans- 
mitted from  the  core  to  the  armature-winding  by  means  of  hard 
fibre  driving-teeth  securely  fitted  into  the  substance  of  the  core 
and  projecting  through  the  armature  bars.  These  are  of  Crompton's 
patent  stranded  cable,  compressed  into  a  rectangular  shape, 
sufficient  insulation  being  maintained  between  the  separate  strands 
after  they  are  compressed  to  avoid  eddy-currents.  The  end-con- 
nectors of  the  drum-winding  span  approximately  a  quadrant  of 
the  armature,  and  are  of  copper  strip  bent  to  the  required  form  ; 
at  the  engine  or  pulley  end  of  the  armature  the  copper  strips  are 
soldered  into  a  segmental  hub,  built  up  and  insulated  very  much 
after  the  fashion  of  a  commutator,  while  at  the  other  end  they  are 
soldered  directly  into  the  commutator  segments,  the  necessity  for 
a  separate  commutator  lug  being  thereby  avoided  (cp.  fig.  i6i). 
The  armature-winding  is  connected  into  either  two  or  four  parallels, 
according  as  a  high  or  low  voltage  is  required. 

The  machine  illustrated  has  an  output  of  50  volts,  1,000 
amperes  at  450  revolutions  per  minute,  and  is  arranged  for  rope- 
driving  with  a  bearing  on  either  side  of  the  grooved  pulley.  There 
are  only  two  sets  of  brushes,  90**  apart  The  commercial  efficiency 
is  90  per  cent.,  and  after  a  fall-load  trial  for  ten  hours  the  rise  of 
temperature  did  not  exceed  a  limit  of  70°  F.* 

Similar  machines  have  been  supplied  for  central-station  work, 
coupled  directly  to  Willans  high-speed  engines,  and  giving  200  or 
more  volts  for  use  in  connection  with  a  3-wire  system  of  mains. 

*  In  a  similar  machine,  described  in  Industries ^  April  25,  1890,  for  2,500 
amperes  and  50  volts  at  a  speed  of  400  revolutions  per  minute,  the  armature 
conductors,  being  few  and  massive,  had  fiuxd  joints  and  were  screwed  together 
with  steel  bolts  and  nuts :  four  sets  of  six  brushes,  each  2"  wide,  were  employed 
to  collect  the  current. 
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One  such,  coupled  to  a  Willans  I.I.  engine,  and  giving  225  volts, 
600  ampferes  at  350  revolutions  per  minute,  was  exhibited  at  the 
Crystal  Palace  Electrical  Exhibition  of  1892  :  the  armature  core 
was  28"  diam.  x  16"  long,  and  was  wound  with  214  bars,  while 
the  magnet-slabs  had  a  sectional  area  of  14"  x  12".  As  compared 
with  2 -pole  dynamos  of  equal  output,  Messrs.  Crompton  &  Co. 
claim  a  decided  superiority  for  the  above  type  on  the  grounds  of 
its  lesser  liability  to  troubles  from  armature  reaction  and  sparking, 
and  its  greater  cheapness  to  manufacture. 

(9)  The  lo-pole  dynamo  of  fig.  167,  manufactured  by  Messrs. 
Siemens  &  Halske,  of  Berlin,  brings  before  us  a  remarkable  type 
of  machine,  almost  unknown  in  England,  but  much  favoured  on 
the  Continent.  In  this  type,  which  is  peculiarly  suitable  for  large 
central-station  dynamos,  the  poles  are  internal  and  stationary,  while 
the  external  ring-armature  revolves.  The  machine  illustrated  was 
exhibited  at  the  Frankfort  Electrical  Exhibition  of  1891,  driven 
directly  by  a  triple-expansion  condensing  engine  of  the  marine 
vertical  type  by  G.  Kuhn,  of  Stuttgart-Berg :  the  output  of  the 
dynamo  was  150  volts  and  2,200  amperes,  or  330  kilowatts,  at  75 
revolutions  per  minute,  the  engine  being  of  over  500  H.P. ;  at  100 
revolutions  per  minute  the  output  may  be  raised  to  600  kilowatts, 
or  200  volts,  3,000  amperes,  without  unduly  loading  the  machine. 
The  internal  magnetic  system  consists  of  ten  poles,  radiating  out- 
wards from  a  massive  central  yoke-ring,  very  similarly  to  the 
internal  field  of  fig.  73  ;  the  whole  is  cast  in  one  solid  piece  and 
bolted  to  the  end  of  the  engine  bedplate.  Each  pole  is  wound 
with  a  magnetising  coil  14''  long,  the  entire  field-winding  forming 
a  shunt  to  the  external  circuit. 

The  armature  core  is  constructed  of  thin  iron  plates,  supported 
from  a  large  cast-iron  star-frame.  The  latter  has  thirty  arms 
radiating  outwards  from  it,  and  through  a  boss  at  the  end  of  each 
arm  projects  a  steel  bolt ;  holes  through  the  middle  of  the  seg- 
mental core-plates  enable  them  to  be  threaded  over  the  steel  bolts, 
and  they  are  then  compressed  by  nuts  at  the  ends  of  the  bolts. 
Each  of  the  thirty  bolts  is  carefully  insulated  fi-om  the  core,  in 
order  to  prevent  the  formation  of  eddy-currents  along  its  length. 

The  engine  crank-shaft  is  continued  through  the  centre  of  the 
system  of  poles,  and  to  its  outer  end  is  keyed  the  star-frame.     The 
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completed  core  is  thus  held  out,  concentric  with  and  overhanging 
the  internal  poles.  The  external  diameter  of  the  armature  is 
approximately  lo  feet,  while  the  diameter  of  the  circle  drawn 
round  the  periphery  of  the  curved  pole-pieces  is  but  little  less  than 
9  feet :  these  dimensions  sufficiently  illustrate  how  small,  as 
compared  with  the  diameter,  is  the  radial  depth  of  iron  in  such  a 
multipolar  armature.  The  Gramme  winding  consists  of  8io  turns 
of  solid  copper,  each  turn  being  composed  of  a  bow  shaped  piece, 
which  embraces  the  interior  and  sides  of  the  ring,  and  an  external 
connecting  piece  riveted  and  soldered  to  the  end  of  one  inductor 
and  the  beginning  of  the  next  at  the  outer  edges  of  the  armature 
periphery.  A  striking  feature  is  the  absence  of  any  separate  com- 
mutator, the  collecting  brushes  being  arranged  to  press  directly  on 
the  bare  exterior  connectors.  The  possibility  of  this  in  a  ring  arma- 
ture has  not  been  hitherto  alluded  to  in  our  pages,  but  a  reference 
to  fig.  98  will  show  that  in  the  ring-winding  the  potential  rises 
progressively  as  we  pass  from  loop  to  loop,  from  one  neutral 
point  of  collection  to  the  other,  after  the  same  law  as  in  the 
commutator  sections,  and  that  if  the  armature  wires  were  bare  at 
any  part  of  their  length,  the  brushes  might  be  shifted  so  as  to  touch 
immediately  on  the  actual  winding.  In  the  present  machine  the 
external  bars  are  bare,  each  being  merely  insulated  from  its  neigh- 
bour by  an  intervening  strip  of  a  kind  of  compressed  paper  or 
cardboard :  in  shape  they  are  broader  and  deeper  than  the  internal 
inductors,  being  nearly  ^'  wide,  and  the  surface  of  the  whole  set  is 
turned  up  in  place  on  the  armature.  The  ten  sets  of  brushes  are 
supported  by  as  many  horizontal  arms  so  as  to  bear  on  the  outer 
periphery  of  the  armature,  as  seen  in  the  figure ;  in  each  set  there 
are  three  brushes,  i|"  wide,  formed  of  rectangular  copper  wires 
laid  side  by  side  and  soldered  together  at  their  outer  ends.  The 
five  positive  and  five  negative  sets  of  brushes  are  respectively  con- 
nected in  parallel  to  two  common  terminals.  The  stellate  brush- 
carrier,  with  its  ten  radial  arms,  is  bolted  to  the  outer  bearing ;  a 
hand- wheel  and  pinion  gearing  into  a  spur-wheel  rim  on  the  brush- 
carrier  enables  the  whole  to  be  rotated,  while  by  moving  a  lever  all 
the  brushes  can  be  simultaneously  raised  from  or  lowered  on  to 
the  armature.  The  outer  bearing,  26"  long,  is  bolted  to  a  cast- 
iron  base,  which  is  itself  bolted  to  a  pair  of  rails  below  the  level  of 
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while  the  distance  from  centre  to  centre  of  the  bearings  is  nearly 
8feet.i 

At  the  Berlin  central  stations  there  are  several  dynamos  of  the 
same  or  very  similar  construction,  with  outputs  of  400-500  H.P., 
and  so  far  as  can  be  judged  by  our  present  knowledge,  the 
mechanical  construction  of  the  overhanging  armatiu-e  with  its 
insulated  bolts  has  proved  entirely  satisfactory,  no  difficulties  being 
experienced  arising  from  any  de-centering  of  the  ring.  The  internal 
position  of  the  magnets  reduces  the  weight  of  iron  very  consider- 
ably, since  the  mean  diameter  of  the  yoke-ring  is  so  much  smaller 
than  would  be  the  case  if  the  poles  were  external  to  the  armature, 
and  the  yoke-ring  external  to  the  poles.  It  is  worth  remarking 
that  the  centrifugal  force  on  the  armature  is  opposed  by  the  pull 
of  the  field-magnets  on  the  iron  core.  In  large  multipolar  machines 
for  central  station  work,  having  a  separate  commutator  perhaps 
3  or  4  feet  in  diameter,  and  with  several  hundreds  of  sections, 
the  cost  of  this  commutator  and  its  connections  is  a  very  serious 
item,  both  when  first  manufactured  and  when  it  requires  renewal. 
In  the  present  machine  this  cost  is  largely  reduced  by  the  adapta- 
tion of  the  exterior  winding  to  serve  the  purpose  of  a  commutator : 
the  only  disadvantages  are  the  high  peripheral  speed  of  the  brush 
surface  (2,000-3,000  feet  per  minute)  and  the  somewhat  incon- 
venient position  of  the  lower  sets  of  brushes. 

(10)  TheSchuckert  flat-ring  dynamo  of  figs.  168, 169  is  another 
form  of  large  multipolar  machine  which  may  be  found  in  many 
Continental  central  stations  :  it  is  manufactured  by  the  Elektrizitats- 
Aktiengesellschaft  (formerly  Messrs.  Schuckert  &  Co.)  of  Niirn- 
berg.  This  dynamo  has  a  discoidal-ring  armature  revolving 
between  two  crowns  of  numerous  poles,  the  divided  magnetic 
circuit  being  of  the  type  represented  diagrammatically  in  fig.  132. 
The  magnetising  coils  are  so  wound  that  opposing  poles  are  of 
the  same  sign,  while  the  poles  on  one  and  the  same  side  of  the 
armature  are  alternately  n  and  s.  The  cast-iron  magnet-cores  are 
oblong  in  section,  and  are  cast  in  one  with  the  two  halves  of  the 
yoke-ring  on  either  side ;  these  are  surrounded  by  overarching 

>  Esson  {Electrical  Review,  xxix.  i89i,p.  342)  to  whose  excellent  descrip- 
tion we  are  indebted  for  many  of  the  above  details.  Electrician^  August  28, 
1891. 
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flanges,  which,  when  the  two  sides  are  bolted  together,  form  an 
enveloping  casing  pierced  with  ventilating  holes.  The  lower 
halves  of  the  yoke-rings  are  secured  to  cast-iron  girder  bed-plates ; 
the  girder  at  the  commutator  end  also  carries  the  outside  bearing, 
and  from  the  latter  rise  two  massive  arms,  forming  a  fork,  to  which 
the  upper  half  of  the  magnet  casting  is  braced. 

The  armature  core  is  formed  by  coiling  soft  iron  ribbon  upon 
a  brass  foundation-ring,  a  continuous  strip  of  thin  paper  being 
wound  on  at  the  same  time  in  order  to  insulate  adjacent  convolu- 
tions and  prevent  the  flow  of  eddy-currents.  At  intervals  radial 
screws  pass  through  the  layers  of  iron  ribbon  into  the  ring,  and 
serve  to  bind  the  whole  together  (fig.  169).  As  these  screws  are 
embedded  in  the  centre  of  the  core  in  a  vertical  plane,  they  do 
not  cut  the  lines  of  the  field,  and  therefore  do  not  require  to  be 
insulated.  The  brass  ring  is  mounted  on  a  cast-iron  six-armed 
hub,  keyed  to  the  shaft.  In  order  to  prevent  end-play  of  the 
armature,  the  outer  journal  has  turned  on  it  two  thrust-collars, 
which  run  in  corresponding  grooves  in  the  bearing,  and  there  are 
also  two  screws  for  setting  the  armature  centrally  between  the 
poles,  so  that  there  may  be  no  unbalanced  magnetic  pull  (cp. 

P-  275)- 

A  striking  feature  of  these  central-station  machines  is  the  size 
of  the  commutator.  The  dynamo  illustrated  is  one  of  several 
which  have  been  supplied  to  the  Hanover  and  Altona  electric 
light  stations.  While  the  outer  diameter  of  the  armature  is  10  feet, 
the  diameter  of  the  commutator  is  as  much  as  6  feet  5  inches ;  it 
contains  700  segments,  or  fifty  per  pole,  the  total  number  of  turns 
on  the  armature  is  1,400,  the  ciurent  in  any  inductor  being 
70  amperes,  and  to  this  large  number  of  sections  is  due  the 
absence  of  sparking  at  the  brushes.  The  segments  are  cross- 
connected  (p.  254),  so  that  only  four  sets  of  brushes  are  used. 
These  are  arranged,  two  on  either  side,  in  a  convenient  position 
for  examination  and  attention,  the  angular  distance  between  each 
pair  corresponding  to  the  pitch  of  a  pair  of  poles.  In  each  set 
there  are  three  brushes  each  2''  wide.  By  means  of  a  system  of 
links  one  lever  lifts  or  lowers  all  the  brushes  simultaneously.  A 
facing  on  the  magnet-frame  enables  a  tool  to  be  attached  thereto 
for  the  purpose  of  turning  the  commutator  in  place.     The  output 
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is  220  volts  and  1,000  amperes  at  no  revolutions  per  minute, 
or,  when  charging  accumulators,  from  270  to  335  volts,  while 
the  speed  rises  to  135  revolutions  and  the  current  decreases  tc 
800  ampbres  ;  thus  the  average  output  is  approximately  240  kilo- 
watts at  120  revolutions,  or  2,000  watts  per  revolution  per  minute. 
It  is  coupled  directly  to  a  350-450  H.P.  engine  by  Schichau, 
which  stands  on  an  entirely  separate  foundation  :  the  engine  has 
three  cranks,  and  from  the  nature  of  the  armature  no  separate  fly- 
wheel is  required.  The  voltage  of  the  dynamo  adapts  it  for  con- 
nection across  the  two  outer  mains  of  a  three-wire  system,  the 
third  wire  being  coupled  to  the  middle  of  the  battery  of  accumu- 
lators which  is  in  parallel  with  the  dynamo,  and  is  charged  by  it 
at  the  higher  limit  of  voltage.  The  combined  efficiency  of  the 
engine  and  dynamo  is  82  per  cent,  that  of  the  dynamo  alone  being 
93  per  cent;  The  field  is  shunt-wound,  and  approximately 
33  amperes  are  employed  for  excitation,  or  3^  per  cent  of  the 
output  In  itself  the  double  set  of  magnets  is  uneconomical  in 
field-wire,  but  against  this  must  be  set  the  fact  that  the  magnet- 
cores  have  an  economical  section.  Finally,  the  discoidal-ring 
armature  possesses  the  two  recommendations  that  it  is  excellently 
ventilated  and  can  be  driven  at  a  high  peripheral  speed,  the  nature 
of  the  winding  being  well  adapted  to  withstand  centrifugal  force. 

II.  Open-coil  cantinuaus-current  macMnes. — In  this  class  two 
machines,  and  two  only,  have  attained  to  complete  practical 
success  :  they  are  the  Brush  and  the  Thomson-Houston  dynamos, 
the  former  of  which  is  manufactured  by  the  Brush  companies  in 
England  and  America  alike,  while  the  latter  is  manufactured  by 
the  Thomson-Houston  Electric  Company.  Although  entirely 
dissimilar  in  construction,  both  machines  are  adapted  to  give  a 
high  potential,  amounting  in  the  larger  sizes  to  as  much  as  3,000 
volts,  and  both  are  pre-eminently  arc-lighters.  Their  current, 
although  pulsating  slightly  in  each  revolution,  is  uni-directed,  and 
has  a  steady  mean  value,  while,  further,  by  special  devices  it  is 
maintained  very  approximately  at  the  same  mean  value,  even  when 
the  resistance  of  the  external  circuit  is  considerably  altered. 
They  are  thus  admirably  suited  to  the  lighting  of  a  number  of  arc- 
lamps  arranged  in  series  at  considerable  distances  apart,  and 
requiring  a  constant  current  with  varying  potential ;    in  fact. 
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provided  the  mean  value  of  the  current  be  maintained  constant, 
its  pulsatory  character  would  appear  to  be  of  positive  advantage 
in  steadying  the  light,  probably  because  the  pulsations  keep  the 
mechanism  of  the  lamp  in  a  constant  state  of  tremor,  and  so 
render  its  various  parts  less  liable  to  stick  or  become  sluggish  in 
their  action. 

(i)  The  Brush  dynamo  may  be  shortly  classified  as  a  discoidal- 
ring  armature  with  large  Pacinotti  teeth  placed  in  a  horizontal 
double-horseshoe  field.  Fig.  171  shows  in  outline  a  side  and  end 
view  of  a  machine  manufactured  by  the  Brush  Electrical  Engi- 
neering Co.,  and  known  as  their  8  L  size  ;  when  running  at  800 
revolutions  per  minute  it  is  capable  of  lighting  55  arc  lamps  in 


Fm.  170.-  Construction  ofannature  of  Brush  dynamo. 

series,  each  taking  50  volts  x  10  ampferes,  its  output  being  there- 
fore 10  amperes,  and  nearly  3,000  volts  at  its  terminals. 

The  construction  of  the  laminated  armature  core  is  indicated 
in  fig.  170.  On  a  foundation-ring  (a)  of  wrought  iron  is  wound 
a  continuous  soft-iron  ribbon  (b)  '059"  thick  :  between  each  suc- 
cessive convolution,  and  at  due  intervals  round  the  circumference, 
are  inserted  H  -shaped  iron  stampings  of  the  same  thickness  as 
the  ribbon.  Bolts  passing  radially  through  ribbon  and  stampings 
into  the  ring  a,  and  riveted  over  at  either  end,  serve  to  secure  the 
whole.  The  H -pieces  being  all  of  the  same  size  and  placed 
one  above  the  other,  their  projecting  teeth  form  deep  grooves 
with  parallel  sides,  and  in  each  such  groove  a  coil  of  many  turns 
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is  wound.  The  adjacent  projections  from  two  sets  of  H -pieces 
converge  towards  the  inner  periphery  of  the  ring,  and  thus  form 
large  Pacinotti  teeth,  which  reduce  the  length  of  air-gap,  and 
drive  the  inductors  through  the  magnetic  field.  Before  winding 
the  armature  coils,  the  recesses  are  insulated  with  a  wrapping  of 
strong  canvas,  saturated  with  shellac  varnish,  and  with  sheets  of 
tough  paper,  also  treated  with  shellac.  The  coils  are  then  wound 
on,  all  in  the  same  direction,  wrappings  of  calico  being  inserted 
occasionally  between  the  layers.  The  inner  ends  of  each  pair  of 
coils,  situated  at  opposite  ends  of  a  diameter,  are  soldered  together 
and  carefully  insulated  :  the  outer  ends,  also  insulated,  are  led 
through  a  hole  bored  lengthways  in  the  shaft,  through  the  bearing, 
and  so  to  two  opposite  segments  of  a  commutator.  The  machine 
illustrated  has  four  pairs  of  coils,  and  therefore  two  double  com- 
mutators, the  arrangement  of  which  has  been  already  described 
in  Chap.  X.  and  illustrated  in  fig.  87.  The  segments  are  of  thin 
metal,  screwed  to  insulating  rings,  and  separated  by  air  gaps :  this 
construction  allows  of  the  easy  renewal  of  the  segments,  which  are 
comparatively  quickly  worn  out  by  the  sparking  at  the  brushes 
(cp.  p.  392).  The  brushes  are  of  thin  sheet-copper  slit  at  the 
one  end  into  a  number  of  teeth  (p.  393) ;  each  pair  is  adjustable 
by  rotating  a  lever  round  the  shaft,  and  connection  is  made  to 
the  terminals  mounted  on  a  slate  slab  in  the  bedplate  by  flexible 
copper  strips  of  zigzag  shape,  as  shown  in  fig.  171. 

The  double-horseshoe  field  is  of  the  type  shown  in  fig.  127, 
but  with  the  centres  of  the  poles  on  a  horizontal  diameter.  The 
cores  on  which  the  field-coils  are  wound  are  of  cast  iron,  and  are 
bolted  to  the  cast-iron  vertical  end-frames  which  form  the  yokes  ; 
the  curved  pole-pieces  are  extended  considerably  on  both  sides  of 
the  magnet-cores,  and  thus  cover  a  large  portion  of  the  sides  of 
*  the  armature.  The  similar  poles  which  face  each  other  on  either 
side  of  the  armature  ring  are  not  united  by  any  pole-shoe,  and 
therefore  the  lines  enter  the  core  only  from  the  sides,  and  chiefly 
by  the  Pacinotti  teeth.  Before  being  insulated,  each  magnet-core 
is  surrounded  by  a  thin  sheet  of  copper  soldered  together  at  its 
edges  :  the  field-winding  is  in  series  with  the  armature  and 
external  circuit,  and  hence  the  pulsating  nature  of  the  main  cur- 
rent, which  is  also  the  magnetising  current,  tends  to  produce 
fluctuations  in  the  magnetism  of  the  field,  and  consequently  eddy- 
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currents  in  the  cores :  the  object,  therefore,  of  the  copper  en- 
velope is  to  damp  down  any  fluctuations  in  the  field,  the  iron 
core  being  as  it  were  shielded  by  the  induced  currents  which  are 

set  up  in  the  copper. 
Over  the  copper  sheaths 
is  wound  insulation  of 
varnished  vulcanised 
fibre  and  stout  paper, 
-*  and    at    intervals    the 

layers  of  wire  are  further 
insulated  by  strong  cot- 
ton sheets,  well  varnished 
with  shellac.      Indeed, 
careful     insulation     is 
throughout  of  great  im- 
i    portance,  owing  to  the 
a    high  difference   of  po- 
M    tential,    3,000  volts   at 
■f    full    load,    which    may 
^    exist  between  the  wind- 
5     ing  and  the  ironwork  of 
g    the  machine. 
J  The  reaction  of  the 

7  armature  on  the  field 
£-  in  this  type  of  dynamo 
2  is  very  considerable ;  as 
the  result,  the  field  is 
powerfully  distorted,  and 
the  lines  are  densely 
concentrated  at  the  trail- 
ing corners  of  the  pole- 
pieces.  The  line  of 
maximum  field  thus 
passes  through  the  trail- 
ing comers,  these  being 
in  the  figure  the  upper 
comer  of  the  right-hand, 
and  the  lower  comer  of 
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the  left-hand  pole-piece.  As,  however,  the  dense  fringe  does  not 
extend  much  beyond  the  trailing  pole-edges,  the  diameter  of  com- 
mutation is  somewhat  behind  the  line  of  maximum  field,  in  order 
that  the  time  of  contact  of  a  coil  may  approximately  coincide  with 
the  time  during  which  a  strong  E.M.F.  is  generated  in  it  Thus,  in 
the  diagrams  of  Chap.  X.,  since  the  subject  of  armature  reaction  had 
not  then  been  discussed,  the  line  marked  mm  \&  not  so  far  in 
advance  of  the  horizontal  diameter  as  the  line  of  maximum  density 
of  field  would  in  reality  be ;  it  corresponds  rather  to  the  diameter 
of  commutation  and  indicates  the  lead  of  the  brushes  ahead  of  the 
line  of  symmetry.  The  influence  of  the  Pacinotti  teeth  in  heating 
the  poles  has  been  alluded  to  in  Chap.  XVIII.,  p.  413 ;  hence  at 
the  pole-comers  the  normal  rise  of  temperature  of  the  field,  viz. 
70®  R,  is  exceeded,  without,  however,  any  prejudicial  effect  on  the 
working  or  life  of  the  machine. 

The  commercial  efficiency  of  the  open-coil  dynamo  is  not  so 
high  as  that  of  the  closed-coil  machine  of  equal  output,  owing  to 
the  pulsating  character  of  the  current,  the  sudden  changes  in  the 
connection  of  the  few  sets  of  coils,  and  the  inevitable  sparking  at 
the  brushes,  together  with  a  greater  liability  to  eddy-currents  in 
both  armature  and  pole-pieces.  An  average  value  is  probably  not 
more  than  75  per  cent.,  although  large  sizes  are  built  under  a 
guarantee  of  80  per  cent  commercial  efficiency. 

When  employed  for  arc  lighting,  the  current  of  the  machine  is 
kept  constant,  even  when  the  number  of  arcs  is  varied,  by  means 
of  an  automatic  regulator.  This  consists  of  a  variable  carbon 
resistance  placed  as  a  shunt  to  the  field-coils,  and  so  arranged 
that  when  the  current  rises  above  the  normal  the  carbon  resist- 
ance is  decreased :  a  greater  proportion  of  the  main  current  is 
thus  diverted  from  the  magnetising  coils,  and  passes  through  the 
shunt,  the  result  being  that  the  strength  of  the  field  and  the 
induced  E.M.F.  are  reduced,  and  the  main  current  is  brought 
back  again  to  its  normal  value.  Similarly,  when  the  main  current 
falls  below  the  normal,  the  resistance  of  the  carbon  shunt,  and 
consequently  the  induced  E.M.F.,  are  increased  until  the  normal 
strength  of  current  is  re-established.  The  resistance  consists  of  a 
number  of  thin  blocks  of  retort  carbon  resting  one  above  the 
other :  the  closer  these  are  pressed  together,  the  less  is  their 


Digitized  by  VjOOQ  IC 


446  THE  DYNAMO 

resistance.  The  whole  series  is  acted  on  by  a  lever  connected  to 
the  armature  of  an  electro-magnet,  and  this  latter  is  excited  by  a 
solenoid,  round  which  the  main  current  passes.  When  the  main 
current  rises  or  falls  in  value,  the  pressure  exerted  by  the  lever 
upon  the  carbon  blocks  is  increased  or  diminished  \  thus  the 
resistance  of  the  shunt  is  automatically  varied,  and  the  magnetising 
current  round  the  field  coils  is  altered  so  as  to  maintain  a  constant 
external  current.  The  self-regulating  quality  of  the  machine  is 
the  special  feature  which  renders  it  peculiarly  adapted  for  high- 
tension  series  arc  lighting.  It  may  be  short-circuited  with 
impunity,  and  is  therefore  less  likely  to  be  injured  by  overloaiding 
or  by  sudden  and  large  fluctuations  of  load  than  machines  having 
approximately  flat  characteristic  curves  (cp.  p.  342). 

In  the  United  States  large  Brush  machines  have  been  em- 
ployed, coupled  directly  to  high-speed  engines ;  these  give  as 
much  as  6,250  volts  at  525  revolutions  per  minute,  and  are  thus 
capable  of  feeding  as  many  as  125  arcs  in  series.  The  field  has 
four  poles  with  magnet  cores  of  soft  steel,  sind  the  twenty-four 
coils  of  the  armature,  each  containing  528  turns,  are  cross- 
connected  into  six  sets.  Each  set  is  composed  of  the  four  coils 
which  have  the  same  position  relatively  to  the  four  poles,  or  are 
situated  90®  apart,  and  these  four  coils  are  connected  in  series. 
The  six  sets  of  coils  are  joined  to  three  commutators  ;  instead,  how- 
ever, of  each  commutator  having  only  four  segments,  it  is  divided 
into  eight  segments,  those  which  are  diametrically  opposite  being 
cross-connected.  Hence,  although  there  are  four  poles,  only  one 
pair  of  brushes  is  necessary  for  each  of  the  three  commutators, 
and  these  brushes  are  joined  in  series  as  described  on  p.  174. 
The  characteristic  curve  of  the  machine  rises  gradually  to  a 
maximum  of  9*6  ampires  and  then  falls  rapidly.  Thus  its  output 
is  60  kilowatts,  its  weight  being  five  tons,  and  its  over-all 
dimensions  approximately  4  feet  in  each  direction.' 

(3)  The  Thomson-Houston  dynamo  is  the  joint  invention  of 
Professors  Elihu  Thomson  and  E.  J.  Houston,  and  is  unique  alike 
in  its  action  and  construction.  Fig.  172  gives  a  perspective  view 
of  the  machine,  while  fig.  173  is  a  longitudinal  section  of  the 

■  See  EUcirician^  October  13,  1893,  and  Electrical  EngimeTt  April  5,  1895. 
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field-magnet,  exposing  to  view  the  armature.  The  main  features 
are  a  spheroidal  armature  wound  ring-fashion,  with  only  three  sets 
of  coils,  a  3-part  commutator  combined  with  a  remarkable  device 


for  maintaining  a  constant  current,  and  a  peculiar  2 -pole  magnet 
with  hemispherical  pole-pieces,  between  and  within  which  the 
armature  revolves.    The  more  theoretical  consideration  of  the 
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armature  and  commutator  has  already  been  dealt  with  in  Chap.  X. 
pp.  176-81,  and  it  only  remains  to  describe  the  constructive 
details. 

Formerly  the  armature  was  made  of  iron  wire  and  was  wound 
as  a  drum,  but  by  a  more  recent  construction  it  is  formed  of  iron 
discs  threaded  on  the  arms  of  a  gun-metal  spider.  The  circular  discs 
are  reduced  in  diameter  from  the  middle  of  the  core  to  the  ends, 
so  that  when  completed  it  has  a  spheroidal  shape  (fig.  173  cl)\ 


Fig.  173.— Section  of  Thomson-Houston  dynama 

it  is  then  wound  with  six  sets  of  ring  coils,  radiating  outwards  from 
the  centre,  and  spaced  so  that  any  section  can  be  easily  rewound 
or  separately  repaired.  Each  set  of  coils  is  connected  in  series 
with  the  diametrically  opposite  set  (numbered  with  corresponding 
figures  in  the  diagram).  The  three  symmetrically  placed  ends 
of  the  three  pairs  of  coils  are  united  to  a  common  copper  ring 
insulated  from  the  shaft  The  remaining  three  ends  are  then 
insulated  and  led  through  the  hollow  shaft  to  the  segments  of  the 
3-part  commutator  outside  the  bearing.     Each  segment  is  nearly 
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120®  wide,  and  insulated  from  its  neighbour  by  small  air-gaps. 
On  this  commutator  rest  four  brushes,  coupled  two-and-two 
together,  as  shown  in  fig.  91,  each  pair  being  equivalent  to  one 
brush  with  a  wide  arc  of  contact. 

The  shape  and  design  of  the  field  magnet  will  be  seen  from 
figs.  172  and  173.  The  hollow  cylindrical  magnet-cores,  b  b,  are 
cast  in  one  with  the  cup-shaped  pole -pieces,  and  terminate  in 
circular  flanges,  between  which  the  field-coils  are  wound.  To  the 
outer  end-flanges,  which  are  of  larger  diameter,  are  bolted  a 
number  of  wrought-iron  bars,  A  a,  stretching  lengthwise  across 
the  machine  outside  the  field-coils,  and  forming  the  yoke.  Strong 
standards,  bolted  to  ears  projecting  from  the  end-flanges,  carry  the 


Fig.  1730.— Ring  armature  of  Thonison>Houston  dynamo. 

field-magnet  and  the  bearings  of  the  armature.  The  cupped  pole- 
pieces  have  each  a  central  hole  to  assist  the  ventilation  of  the 
armature,  and  are  accurately  turned  on  the  inside  to  a  spherical 
surface.  In  this,  as  in  the  Brush  machine,  the  line  of  maximum 
field  passes  approximately  through  the  trailing  edges  of  the  pole- 
pieces,  and,  therefore,  a  diameter  passing  centrally  through  the 
brushes  falls  near  these  edges.  Not  only  does  each  composite 
brush  embrace  an  extraordinarily  wide  arc  of  contact,  but  the 
arrangement  is  unique  in  that  this  width  is  variable  and  dependent 
upon  the  current  of  the  machine.  As  explained  in  Chap.  X.  the 
normal  width  of  each  pair  of  brushes  at  full  load  is  60°,  that  being 
the  angle  which  separates  the  following  brush  from  the  leading 
brush.    But  if,  for  any  reason,  such  as  the  switching-ofl'  of  some 
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of  the  arc-lamps,  the  current  rises  above  its  normal  value,  it  acts 
upon  an  electro-magnet  (seen  to  the  left  in  fig.  172),  and  this,  by 
means  of  a  system  of  levers,  separates  the  two  portions  of  each 
brush  to  a  still  greater  distance  apart  The  following  brush  is 
shifted  backwards  and  the  leading  brush  forwards  ;  the  latter  is, 
however,  only  moved  through  one-third  of  the  angle  through 
which  the  following  brush  is  moved,  such  an  amount  of  forward 
movement  being  necessary  in  order  to  lessen  the  sparking  that 
would  otherwise  occur,  owing  to  the  field  being  displaced  further 
forwards  by  the  increased  reaction  of  the  armature  current.  Since, 
when  so  moved,  each  brush  covers  more  than  60°,  it  follows*  that 
for  certain  periods  in  each  revolution  the  -f  and  —  brushes  both 
touch  the  same  commutator  segment ;  the  armature  is  then  short- 
circuited  on  itself,  and  the  effective  E.M.F.  of  the  machine 
is  reduced,  until  the  current  is  once  more  brought  to  its 
normal  value.  When  the  current  falls  below  the  normal,  each 
pair  of  brushes  is  closed  up,  the  result  being  to  cut  out  an 
inactive  coil,  and  lessen  the  time  during  which  it  is  in  parallel  with 
a  coil  of  greater  activity.  A  constant  current  is  thus  automatically 
obtained,  although  in  a  very  different  manner  from  that  lately 
described  in  connection  with  the  Brush  machine.  As  might  be 
expected,  there  is  considerable  sparking  at  the  brushes,  and  in 
order  to  reduce  this  evil  the  inventors  have  adopted  the  novel  and 
bold  expedient  of  blowing  the  sparks  out  as  they  are  formed,  by 
means  of  small  air-blasts  delivered  on  the  tips  of  the  two  leading 
brushes,  and  occurring  just  at  the  moment  when  each  segment 
breaks  contact  with  the  brush.  The  blower  is  placed  behind  the 
commutator  in  a  small  circular  case,  from  which  two  nozzles 
project,  one  in  front  of  each  leading  brush.  Three  times  per 
revolution  each  nozzle  automatically  delivers  a  blast,  which  im- 
pinges on  the  rear  edge  of  the  segment  as  it  leaves  the  brush. 

The  field-winding  is  in  series  with  the  armature,  the  current 
passing  through  one  magnet  coil,  then  through  the  external  circuit 
of  lamps,  and  returning  through  the  second  magnet-coil  to  the 
armature.  The  current  is  very  considerably  steadied  by  the  self- 
induction  of  the  magnet,  and  it  is  not  surprising  to  find  that  if  the 

»  See  Chap.  X.  pp.  179-181. 
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field-magnet  be  separately  excited,  and  the  external  circuit  be 
joined  directly  to  the  armature,  the  proper  working  of  the  machine 
becomes  impossible.* 

The  normal  currents  required  by  the  two  standard  sizes  of 
Thomson-Houston  arc  lamps  are  9*6  and  6*8  amperes  respectively, 
and  for  these  currents  the  jstandard  machines  are  usually  wound. 
One  of  the  larger  sizes,  capable  of  supplying  96  amperes  to  35 
arc  lamps  in  series  when  running  at  a  speed  of  820  revolutions  per 
minute,  has  an  armature  2  ft.  in  diameter,  the  resistance  of  the 
armature  and  of  the  field-winding  being  io'5  ohms  each.  The 
floor-space  required  is  5  J  ft.  x  4  ft.,  and  the  standard  pulley  is 
16'  diameter  x  8"  wide.  The  machine  is  surprisingly  light  for 
its  output ;  a  result  due  to  the  fact  that  the  amount  of  iron  in  both 
the  armature  core  and  magnet  is  extremely  small,  while  the  pro- 
portion of  the  weight  of  copper  to  the  weight  of  iron  is  corre- 
spondingly high. 

HI.  Alternators, — (i)  The  Lowrie- Parker  alternator^  oiYfh\ch 
a  general  view  is  given  in  fig.  174,  owes  its  title  to  its  joint 
designers,  Messrs.  W.  Lowrie  and  T.  Parker  (Patents  Nos.  3,710, 
1882,  and  12,907, 1888),  and  is  manufactured  by  the  Electric  Con- 
struction Company,  Limited,  formerly  Messrs.  Elwell-Parker,  of 
Wolverhampton.  It  belongs  to  the  type  represented  in  fig.  73, 
with  a  drum-wound  stationary  armature,  within  which  revolves  the 
field-magnet  system  :  the  latter  is  formed  by  a  number  of  magnet- 
cores  mounted  radially  on  a  common  yoke-ring,  and  presenting  a 
series  of  pole-faces,  alternately  N.  and  S.,  to  the  internal  surface 
of  the  cylindrical  armature  core.  The  machine  of  fig.  1 74  gives 
2,000  volts  and  75  amperes  at  386  revolutions  per  minute,  and  is 
driven  directly  by  a  Willans  engine.     It  has  26  poles  of  alternate 

sign,  whence  its  periodicity  is  ^    ^^ — =83-3  ^  per  second  when 

running  at  its  stated  speed.  The  shaft  carrying  the  magnet 
system  is  7"  diameter  in  the  centre,  and  is  supported  by  bearings 
15  in.  long  X  4^  in.  diameter,  and  coupled  directly  to  its  outer  end 
is  the  exciter.     This  supplies  energy  at  the  rate  of  1,400  watts  for 

•  Milton  Thompson,  *  A  Study  of  an  Open  coil  Arc  Dynamo,'  reprinted  in 
the  EUctri<al  Review,  June  19,  1891. 
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.11  load,  the  commercial  efficiency  of  the  alternator  and  exciter 

Dmbined  being  92  per  cent,  at  full  load  and  their  weight  9  tons. 

*he  armature  ring  is  provided  with  a  screw  traversing  gear  to 
Bow  of  its  being  shifted  for  inspection  of  the  magnet-poles  or 
xmature  coils.  The  construction  is  more  clearly  seen  in  fig.  175, 
vhich  shows  in  outline  a  side  and  end  elevation  of  a  loo-kilo- 
«ratt  alternator,  giving.  2,000  volts  and  50  amperes  at  400  revolutions 
per  minute.  On  a  shaft  of  mild  steel  6"  in  diameter  is  keyed  a 
cast-iron  wheel,  the  spokes  of  which  are  united  by  a  solid  rim  of 
mild  steel  shrunk  on.  To  this  are  bolted  a  number  of  soft  wrought- 
iron  magnet-cores,  on  each  of  which  is  slipped  an  exciting  coil. 
Each  magnet-core  is  surmounted  by  a  pole-piece,  the  edges  of 
which  project  over  the  exciting  coil ;  two  long  bolts  pass  from  the 
pole-piece  through  the  core  and  rim  of  the  wheel,  and  are  fastened 
by  nuts  on  the  under  side  of  the  latter.  Both  magnet  and  coil  are 
thereby  secured  in  place,  and  the  stress  due  to  centrifugal  force, 
which  is  very  considerable,  is  taken  by  the  rim  of  the  wheel  in  a 
thoroughly  mechanical  manner.  In  order  to  obviate  the  loss  of 
power  which  would  be  caused  by  the  arms  of  the  wheel  churning 
the  air,  the  ends  are  closed  by  thin  plates  of  sheet-iron  screwed  on 
to  either  side  of  the  rim.    The  poles  being  twenty-eight  in  number, 

the  periodicity  or  'frequency*  of  the  machine  is  ? 152=93^ 

120 

per  second. 

The  armature  core  is  composed  of  segmental  plates  of  thin 
charcoal  iron,  insulated  by  paper,  and  bolted  between  two  cast- 
iron  end-rings  having  a  channel  section  ;  to  the  inner  surface 
of  this  core  are  fastened  the  twenty- eight  armature  coils.  These 
are  formed  of  thin  copper  tape,  and  are  wound  separately  from  the 
armature,  each  on  a  wooden  former  of  the  same  thickness  as  the 
width  of  the  tape  and  rounded  at  its  ends  ;  a  flat  coil  of  rectangular 
shape  with  rounded  ends  is  thus  obtained,  similar  to  those  shown 
in  fig.  73.  The  finished  coil  is,  however,  not  truly  flat,  but  is 
curved  to  the  radius  of  the  inner  periphery  of  the  armature  core, 
and  hence  when  placed  against  the  inside  face  of  the  latter  it  fits 
closely  to  its  cylindrical  surface.  The  coils  are  laid  close  to  each 
other,  and  are  fastened  in  place  by  strips  of  wood ;  the  internal 
surfaces  of  the  cast-iron  end-rings  are  lined  with  curved  wood 
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btrips,  and  to  these  are  screwed  other  segmental  strips  outside  the 
line  of  path  of  the  magnet  so  as  to  clamp  down  the  ends  of  the 
coils.  The  axes  of  the  coils  being  radial,  the  edge  of  the  copper 
tape  is  exposed  on  their  flat  surface  facing  the  poles :  they  are 
therefore  free  from  any  liability  to  droop  or  sag  inwards,  and  no 
binding-wire  being  required,  the  clearance  between  the  revolving 
poles  and  the  stationary  inductors  can  be  reduced  to  a  minimum. 
The  width  of  the  internal  insulating  piece  in  the  centre  of  each 
coil  is  equal  to  the  width  of  the  pole-piece,  the  outside  width  of 
each  coil  being  of  course  equal  to  the  pitch  (cp.  Chap.  VIII.  p.  142). 
Not  only  are  the  coils  well  insulated  from  the  core,  but  the  latter 
is  itself  insulated  from  the  cast-iron  frame  of  the  machine  on  which 
it  is  carried,  a  double  insulation  being  thus  obtained  between  the 
armature  circuit  and  earth.  As  the  armature  coils  are  simply 
secured  to  the  inner  face  of  the  core,  each  can  be  easily  removed 
and  replaced.  They  are  joined  together  in  series,  the  connections 
being  made  in  the  channels  of  the  end-frames,  and  the  free  ends 
of  the  winding  are  brought  to  terminals  mounted  on  porcelain 
insulators  :  these  being  inclosed  within  the  wood  lagging  which 
encases  the  whole  armature,  it  is  impossible  to  accidentally  touch 
any  portion  of  the  high-tension  circuit.  Small  terminals  are  also 
provided  to  enable  a  voltmeter  or  regulator  to  be  placed  across 
one  or  two  of  the  armature  coils.  The  magnet-coils  are  joined  in 
series,  the  ends  of  the  winding  being  brought  to  two  gun-metal 
rings  insulated  by  ebonite  washers  from  each  other  and  from  the 
shaft  on  which  they  are  mounted.  The  brushes  by  which  the 
exciting  current  is  passed  into  the  rotating  field-magnets  are  sup- 
ported with  their  holders  on  two  arms  projecting  from  the  base- 
plate :  against  each  ring  two  brushes  bear,  either  of  which  is  fully 
able  to  carry  the  maximum  exciting  current,  when  the  other  is 
lifted  off  for  the  purpose  of  adjusting  or  trimming  it  The  base- 
plate is  of  a  strong  box  type,  well  ribbed  on  the  under  surface  :  on 
it  are  two  planed  facings,  to  which  the  armature  frame  is  bolted. 
The  bearings  are  each  20  inches  long,  with  brasses  of  phosphor 
bronze  or  lined  with  white  metal :  each  end  of  the  bearing  is 
provided  with  an  oil-thrower  and  an  oil-chamber,  from  which  the 
waste  oil  is  conducted  into  tanks  in  the  base-plate  of  the  machine. 
The  exciter  is  driven  oflF  the  alternator  shaft  by  a  pulley  grooved 
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for  four  ropes,  |  inch  diameter  :  it  runs  at  a  speed  of  800  revolu- 
tions per  minute,  the  energy  necessary  for  excitation  at  full  load 
being  3,250  watts.  The  alternator  is  itself  driven  by  a  second 
and  larger  pulley  grooved  for  seven  ropes,  i^  inch  diameter.  The 
total  weight  of  the  alternator  is  9  tons  6  cwt.,  and  that  of  the  exciter 
15  cwt,  the  over-all  efficiency  of  the  combination  being  about 
87  per  cent,  at  full  load.  A  noteworthy  feature  of  these  machines 
is  that  they  work  well  in  parallel  with  a  low  synchronising  current, 
and  are  so  worked  in  several  central  stations. 

(2)  The  Hopkinson  alternator  (fig.  176),  manufactured  by 
Messrs.  Mather  and  Piatt,  may  be  described  as  the  inverse  of  the 
previous  machine,  since  in  the  present  case  the  field-magnet  system 
is  stationary  and  external  to  a  revolving  drum-wound  armature. 
Our  illustration  shows  a  30-kilowatt  machine,  giving  an  output  of 
30  amperes  at  1,000  volts  when  running  at  800  revolutions  per 
minute.  The  radial  magnet-poles,  alternately  N.  and  S.,  are 
twelve  in  number,  whence  it  follows  that  the  frequency  is  80^ 
per  second  :  they  are  of  wrought  iron,  screwed  to  a  massive  cast- 
iron  yoke-ring  which  is  bolted  to  the  bedplate.  Any  magnet-core 
can  be  removed  or  replaced  without  disturbing  the  remainder 
or  taking  out  the  armature.  The  width  of  each  pole-face  is  as 
much  as  three-fourths  of  the  pitch,  or  even  more,  this  large  width 
being  permissible  owing  to  the  fact  that  the  armature  coils  are  not 
laid  flat  upon  the  surface  of  a  cylindrical  core,  but  are  wound 
upon  short  teeth  of  laminated  iron  :  these  project  radially  from 
the  armature  core  and  take  the  place  of  the  wooden  centres  men- 
tioned in  connection  with  the  coils  of  the  last-described  machine. 
As  the  coils  are  nearly  as  deep  radially  as  the  iron  projections, 
the  width  of  the  winding  for  a  given  number  of  turns  is  much  less 
than  if  the  coil  were  wound  in  a  single  flat  layer.  The  armature 
coils  and  plates  are  held  by  bolts  passing  through  two  thick  plates 
keyed  on  to  the  shaft,  and  these  end-plates  are  furnished  with 
numerous  openings  to  allow  of  free  ventilation  of  the  interior  of 
the  core.  Any  section  of  the  armature  can  be  removed  without 
interfering  with  the  rest.  The  armature  resistance  is  '55  ohm, 
and  that  of  the  magnet-coils  2  ohms.  The  field  is  excited  in  the 
machine  illustrated  by  a  *  Manchester  *  dynamo  carried  on  a 
bracket  bolted  to  the  bedplate,  and  with  its  armature  shaft  coupled 
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directly  to  the  alternator  shaft  At  full  load  the  necessary  exciting 
current  is  2 1  amperes,  requiring  an  expenditure  of  about  900  watts, 
or  3  per  cent,  of  the  output.  The  Hopkinson  alternator  is 
successfully  worked  in  parallel,  and  owing  to  its  high  self-induction 
it  may  be  short-circuited  with  impunity,  the  current  not  rising  to 
so  much  as  twice  its  normal  value.  ^ 


^ 


Fig  i77<i  -  End-view  and  section  of  Kapp  alternator. 

(3)  The  Kapp  alternator, — ^The  more  recent  type  of  alternator 
designed  by  Mr.  Gisbert  Kapp  and  manufactured  by  Messrs. 
Johnson  and  Phillip  (fig.  177),  differs  entirely  from  the  discoidal- 
ring  machine  described  in  the  first  edition  of  this  book.  The 
armature  instead  of  rotating  is  now  stationary,  and  is  drum-wound 
as  in  fig.  73 ;  the  internal  revolving  field-magnet  is,  however,  of 
different  construction,  and  merits  attention  as  an  example  of  a 
multipolar  machine  with  a  single  exciting  coil  (cp.  p.  159). 
*  See  Electrical  Engineer ^  November  9,  1 894. 
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Fig.  177a  illustrates  in  greater  detail  the  construction  of  the 
armature  and  field-magnet  The  latter  consists  of  two  steel 
castings  {mm)  provided  with  a  number  of  polar  claws  curving 
over  and  presenting  pole-faces  on  their  periphery  concentric  with 
the  shaft.  These  are  bolted  together  in  such  a  way  that  the  claws 
on  the  one  side  project  into  the  gaps  between  the  claws  of  the 
other  side,  the  single  circular  exciting  coil  {e)  being  embraced 
between  them.  Or  the  coil  may  be  wound  on  a  cast-steel  core  to 
which  are  bolted  the  two  star-shaped  castings.  Thus  a  series  of 
poles  of  alternate  sign  turned  to  a  true  circle  on  their  circum- 
ference face  the  armature  yoke-ring  which  surrounds  them  con- 
centrically ;  the  magnetic  lines  flowing  up  out  of  e.g.  each  N.  pole 
bifurcate  and  pass  through  the  armature  core  into  the  nearest 
halves  of  the  neighbouring  S.  poles.  The  leakage  directly  across 
from  pole  to  pole  is  large,  but  this  disadvantage  is  more  than 
counterbalanced  by  the  economy  of  wire  and  exciting  energy  due 
to  the  use  of  a  single  coil.  The  exciting  current  is  conveyed  to 
the  coil  by  a  double  set  of  brushes,  resting  on  two  contact  rings 
of  gunmetal  which  are  mounted  on  and  insulated  from  a  cast-iron 
bush  keyed  to  the  shaft. 

The  armature  is  of  novel  and  ingenious  design.  The  annular 
core  is  divided  circumferentially  into  as  many  truncated  wedge- 
shaped  sections  as  there  are  poles.  One  of  these  sections  (t)  is 
shown  separately  in  fig.  177a :  it  is  composed  of  thin  annealed 
sheet-iron  stampings,  insulated  from  each  other  and  strung  on 
insulated  steel  bolts,  which  compress .  them  between  gun-metal 
end-plates  (J)  stifiened  by  ribs.  The  heads  of  two  of  the  bolts 
{b  b)  in  each  sector  are  sufficiently  long  to  engage  in  the  flange  of 
the  cast-iron  supporting  shell  s.  The  gun-metal  endplate  on  the 
other  side  is  provided  with  lugs  /4  by  which  the  sector  is  bolted 
to  the  outer  flange  of  the  shell.  Thus  to  remove  any  armature 
section  it  is  only  necessary  after  disconnection  of  the  wire  of  its 
coil  to  unscrew  the  nuts  (««)  and  draw  it  out  in  a  direction 
parallel  to  the  shaft  Each  coil  (w)  is  wound  separately  and 
completely  insulated  with  lappings  of  mica  cloth  :  it  is  then 
embedded  in  the  longitudinal  grooves  which  run  along  the  sides 
of  the  sector  near  to  its  inner  surface,  and  these  grooves  them- 
selves may  be  lined  with  troughs  of   fibre.     Thus  thorough 
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insulation  between  coil  and  core  can  be  obtained  by  increasing 
the  thickness  of  the  enveloping  material  to  any  required  extent 
without  addition  to  the  air-gap  or  increase  in  the  exciting  power, 
and  further  any  risk  of  damage  to  the  insulation  from  threading 
the  inductors  through  holes  in  the  iron  is  avoided.  The  insulation 
between  coil  and  core  is  tested  by  subjecting  it  to  an  alternating 
difference  of  potential  equal  to  at  least  twice  the  normal  voltage 
of  the  machine. 

When  the  sectors  are  in  place  the  core  plates  of  contiguous 
sections  almost  touch  each  other  ;  the  clearance  left  being  merely 
enough  to  allow  of  the  withdrawal  of  any  section.  Hence,  the 
armature,  although  built  up  of  sections  distinct  from  each  other, 
is  magnetically  almost  equivalent  to  one  with  a  continuous  core, 
and  its  internal  cylindrical  surface  being  practically  smooth  and 
unbroken,  there  is  very  little  change  in  the  magnetic  flux  for 
different  relative  positions  of  armature  and  field.*  The  supporting 
shell  of  the  armature  is  made  in  halves,  and  the  lower  half  is 
bolted  by  suitable  feet  to  the  bedplate  of  the  machine. 

(4)  The  Ferranti  alternator^  illustrated  in  figs.  178  and  178^, 
has  attained  a  widespread  fame,  not  only  from  the  fact  that  the 
largest  alternators  in  the  world,  viz.  the  two  1,250  horse-power 
10,000-volt  machines  at  the  Deptford  Central  Electric  Light 
station,  were  designed  by  Mr.  S.  Z.  de  Ferranti,  but  also  by 
reason  of  the  great  inventive  ingenuity  which  is  displayed  in  every 
detail  of  the  machine's  construction.  It  is  of  the  disc  type, 
represented  in  fig.  75,  with  an  armature  of  large  diameter  and 
narrow  width  revolving  between  two  circles  of  magnets :  these 
latter  on  any  one  side  of  the  armatiure  are  alternately  N.  and  S., 
but  in  sharp  distinction  to  a  discoidal-ring  machine  such  a3  that 
of  fig.  169,  the  poles  directly  facing  each  other  on  either  side  of 
the  armature  are  of  opposite  sign,  so  that  the  lines  of  induction 
flow  directly  across  and  through  the  armature  from  pole  to  pole, 
thus  forming  a  series  of  fields  of  alternate  direction. 

The  field-magnet  system  consists  of  a  number  of  wrought- iron 
magnet- cores  set  in  a  supporting  framework  formed  by  two 
massive  cast-iron   yoke-rings.     Each  of  these  is  divided  on  a 

»  Patent  No.  17,341,  1893. 


Digitized  by  VjOOQ  IC 


DESCRIPTIONS  OF  TYPICAL  DYNAMOS        459 

vertical  diameter  into  two  halves,  which  are  cast  separately.  The 
union  of  the  cores  to  the  yoke  is  effected  in  the  simplest  manner 
by  casting  the  yoke  on  to  them ;  half  the  number  of  magnet- 
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cores  that  go  to  form  one  complete  crown  are  set  up  in  the 
mould,  and  the  cast  iron  is  run  in  round  them  to  form  a  half 
yoke-ring.  On  the  magnet-cores  are  wedged  the  formers  carrying 
the  exciting  coils.  Curved  arms  springing  out  from  the  half-yoke 
ring  form  arches  external  to  the  magnets,  and  are  united  at  their 
ends  into  a  semicircular  ring.  When  two  such  halves  are  bolted 
together  side  by  side,  they  form  one-half  of  the  complete  magnet 
frame ;  the  distance  between  the  opposing  pole-faces  of  the 
magnets  then  only  slightly  exceeds  the  width  of  the  armature,  so 
as  to  allow  of  a  small  mechanical  clearance  on  either  side  of  the 
latter  when  it  rotates,  and  this  distance  is  preserved  by  the 
meeting  midway  of  the  central  rings  through  which  the  connecting 
bolts  pass.  The  planed  base  of  the  half-frame  which  is  thus  ob- 
tained rests  on  a  planed  facing  of  the  cast-iron  bedplate,  along  which 
it  is  free  to  move  endways,  but  not  sideways.  The  second  half-frame 
is  similarly  formed,  and  the  two  are  slid  together  until  they  unite  on 
a  vertical  diameter,  and  inclose  the  armature  between  them,  the 
complete  frame  being  finally  secured  by  bolts  and  fixed  in  position 
by  steadying  pins  which  drop  into  the  bedplate.  The  armature  is 
exposed  for  inspection  by  the  reverse  operation  of  separating  the 
two  halves  of  the  field-magnet  frame.  In  the  smaller  machines  a  rack 
is  formed  at  the  back  of  each  field-magnet  quarter  in  an  extension 
projecting  from  the  cast-iron  bedplate,  and  levers  pivoted  on  pins 
which  fit  into  holes  in  the  magnet-frames  enable  the  opening  out  to 
be  conveniently  done  by  manual  power.  In  fig.  178a  the  magnet 
frame  of  fig.  178  has  been  racked  back,  and  the  illustration  clearly 
shows  the  hand  levers  and  rack- work,  together  with  the  exposed 
armature.  In  alternators  of  larger  size,  this  operation  is  performed 
by  screw-  or  chain-gear  worked  by  a  small  subsidiary  steam-engine 
or  electric  motor. 

The  steel  armature  shaft  is  supported  by  two  spherical 
bearings  lined  with  white  metal,  one  on  either  side  of  the  driving 
rope-pulley  :  overhanging  the  one  end  of  the  shaft,  and  outside  the 
bearing,  is  the  armature  itself,  while  to  the  other  end  of  the  shaft 
is  coupled  the  armature  of  the  exciter.  The  bearings  are  carried 
by  massive  standards  cast  in  one  with  the  bedplate,  and  a  bracket 
projecting  from  the  outer  standard  carries  the  double  horseshoe 
field- magnet  of  the  exciter  (fig.  178).     The  system  of  lubrication 
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has  been  most  carefully  worked  out :   the  oil  is  forced  from  a 
reservoir  placed  at  some  height  above  the  level  of  the  shaft  to  the 
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underside  of  all  the  bearings,  and  when  spent  is  passed  by  oil- 
throwers  into  a  tank,  whence  it  is  again  pumped  up  into  the 
reservoir  by  a  small  pump  driven  from  the  main  shaft 

The  construction  of  the  armature  is  in  many  ways  unique 
The  coils,  of  which  there  are  as  many  as  there  are  pairs  of 
opposing  poles,  are  wound  on  laminated  brass  cores,  the  direction 
of  lamination  being  parallel,  and  not,  as  is  more  usual,  at  right 
angles,  to  the  inductors.  To  form  the  core,  a  number  of  pieces 
of  brass  strip,  each  with  a  central  corrugation  running  up  it,  are 
taken  and  separated  from  one  another  by  slips  of  asbestos  made 
tapering :  the  brass  and  asbestos  thus  arranged  are  put  into  an 
hydraulic  press,  and  when  under  great  pressure  a  brass  eye- 
piece is  burnt  on  at  one  end,  the  molten  metal  being  run  on  to 
and  fusing  with  the  corrugated  strip.  Thus  the  core  is  split  into 
a  large  number  of  comb- like  teeth,  and  is  egg-shaped  in  outline, 
owing  to  the  asbestos  strips  gradually  becoming  thicker  towards 
the  outer  ends  of  the  teeth.  When  placed  in  position  on  the 
armature,  with  its  small  end  towards  the  shaft,  the  radial  teeth  of 
the  core  have  KM.F.'s  induced  in  them  up  or  down  their  length  ; 
but  owing  to  their  being  insulated  from  one  another  save  at  their 
inner  ends,  no  circuit  is  formed  by  which  a  current  may  pass  from 
one  tooth  into  the  next  and  back  again ;  eddy-currents  cannot, 
therefore,  flow  save  within  the  limits  of  the  several  teeth,  and 
these  being  narrow,  the  loss  of  power  and  the  heating  from  eddies 
become  unimportant. 

On  the  laminated  core  is  wound  a  narrow  bare  copper  strip,  a 
central  corrugation  being  impressed  upon  it  in  the  process  of 
winding,  to  prevent  one  layer  from  slipping  over  another ;  in  fact, 
the  whole  bobbin  is  locked  sideways  by  the  corrugation,  so  that  it 
cannot  become  distorted  out  of  its  flat  shape.  Each  layer  of 
copper  is  separated  from  the  next  by  a  thin  band  of  vulcanised 
fibre,  which  is  wound  on  at  the  same  time.  The  inside  end  of  the 
copper  strip  is  brazed  on  to  the  solid  end  of  the  brass  core.  The 
completed  bobbins  are  mounted  in  pairs  in  a  forked  gun-metal 
bobbin-holder,  and  are  secured  in  place  by  means  of  screws  which 
pass  through  the  eye-holes  cast  in  the  solid  ends  of  each  core : 
thus  the  holder  serves  to  connect  the  two  inside  ends  of  a  pair  of 
coils.     The  holder  is  itself  lined  with  fibre,  and  between  the  two 
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coils  in  the  same  holder,  where  the  maximum  difference  of 
potential  occurs,  is  interposed  an  insulating  strip  of  ebonite. 
Where  the  two  coils  in  adjacent  holders  touch  each  other,  the 
two  outer  ends  of  their  windings  are  brazed  together  (cp.  fig.  75 
and  p.  142).  The  bobbin-holders,  furnished  with  their  bobbins, 
are  mounted  on  a  gun-metal  disc  keyed  on  to  the  shaft.  The  rim 
of  this  disc  is  cast  with  holes  through  it ;  the  shank  of  the  bobbin- 
holder,  protected  by  a  porcelain  ferrule,  is  passed  through  one  of 
the  holes,  and  is  secured  by  a  nut  and  pin.  Between  the  nut  and 
the  sides  of  the  cavity  in  the  driving  ring  there  is  a  clearance 
space  all  round  of  at  least  half  an  inch,  and  into  this  is  run  a 
sulphur  cement  which  completely  insulates  the  bobbin-holder  and 
its  nut  from  the  ring,  while  at  the  same  time  holding  it  mechani- 
cally firm.  The  removal  of  a  bobbin  for  examination  or  repair 
is  simple,  all  that  is  required  being  to  undo  the  screws  connecting 
it,  and  the  adjacent  one,  to  their  respective  bobbin-holders ; 
the  two  can  then  be  lifted  out,  and,  when  replaced,  connection  is 
at  once  made  by  the  operation  of  screwing  them  to  their  holders. 
For  purposes  of  ventilation  a  small  curved  blade  or  wing  is 
attached  to  each  side  of  a  bobbin -holder,  as  seen  in  fig.  178. 

The  armature  coils  are  usually  connected  in  two  parallels,  as 
in  fig.  75  ;  at  opposite  ends  of  a  diameter,  insulated  copper  rods 
pass  downwards  into  the  main  shaft,  and  thence  along  the  inside 
of  the  hollow  shaft  to  collecting  rings.  Each  collector  is  formed 
of  two  half-rings  of  brass,  pressed  together  by  springs  :  between 
the  brass  and  the  ring  is  interposed  black  lead,  which  is  at  once  a 
lubricant  and  an  electrical  conductor.  Both  terminals  are  entirely 
inclosed  in  a  glass  box,  supported  on  a  cast-iron  bracket,  as  seen 
in  fig.  178a. 

Our  illustrations  show  a  150  H.P.,  or  112  kw.,  machine,  giving 
2,400  volts  and  47  amperes  at  a  speed  of  500  revolutions  per 
minute  :  there  are  twenty  coils  and  twenty  poles  on  each  side  of 
the  armature,  whence  the  frequency  is  83***  per  second.  The 
armature  conductor  is  "012"  thick  and  half  an  inch  wide.  The 
height  of  the  machine  is  6  ft.  and  its  length  over-all,  with  its 
exciter,  8  ft. :  when  closed  its  width  is  5  ft.  4  in.,  while  its  total 
width,  when  the  magnet  frames  are  slid  out  to  the  end  of  the 
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cast-iron  extension  plates,  is  ii  ft.  8  in.  The  exciter  supplies 
30  amperes  at  100  volts,  or  nearly  2  J  per  cent,  of  the  output,  and 
the  total  weight  of  the  machine  with  exciter  is  yf  tons. 

Messrs.  Ferranti  Ltd.  have  recently  constructed  alternators 
with  either  the  magnet  poles  or  the  armature  coils  mounted  on 
the  rim  of  a  massive  wheel  which  is  also  the  flywheel  of  the 
engine.  The  largest  of  these  has  been  supplied  to  the  Deptford 
electric-light  station,  and  is  for  an  output  of  over  1,000  kilowatts,  or 
100  amperes  and  10,700  volts,  at  156  revolutions  per  minute.  In 
this  case  the  armature  coils,  64  in  number,  are  of  similar  design 
to  those  previously  described ;  each  pair  is  held  between  two 
brass  castings  which  are  tightly  clamped  in  an  hydraulic  press  and 
riveted  together  to  form  a  carrier,  the  coils  being  insulated  there- 
from by  mica  sheeting.  The  carrier  is  then  mounted  between 
a  pair  of  steel  supports  which  are  ebonised  all  over,  and  the  heads 
of  these  are  set  with  sulphur  within  chambers  cast  in  the  rim  of 
the  flywheel.  The  coils  can  be  shifted  laterally  between  the  pillar 
supports,  so  as  to  bring  them  exactly  into  a  central  plane  between 
the  opposing  poles.  There  are  64  poles  on  each  side  of  the 
armature,  giving  a  periodicity  of  83  ;  they  are  of  circular  section, 
5"  in  diameter,  ending  in  a  pole-face  of  rectangular  shape  with 
rounded  ends,  and  they  are  forced  by  hydraulic  pressure  into 
holes  in  the  four  quarters  of  the  yoke  ring,  where  they  are  further 
secured  by  set  screws.  In  order  to  prevent  sparking  across  from 
the  armature  to  the  pole-faces,  enamelled  micanite  caps  /y"  thick 
are  fitted  over  the  pole-faces.  The  width  of  the  armature  strip 
is  ^",  and  the  clearance  between  armature  and  micanite  ^"  each 
side,  making  a  total  gap  from  one  iron  pole  to  the  opposite  iron 
pole  1 1  in.  The  external  diameter  of  the  armature  is  22  ft,, 
which  gives  the  high  peripheral  velocity  of  10,800  ft.  per  minute  ; 
the  diameter  of  the  fl)rwheel  is  16  ft.,  and  the  weight  of  the  who'e 
armature  35  tons.  The  loss  of  watts  over  the  armature  resistance 
is  not  more  than  085  per  cent,  of  the  output,  and  the  exciting 
power  is  300  amperes  at  50  volts,  or  less  than  2  per  cent.  The 
field-winding  consists  of  bare  copper  strip  wound  on  edge  with 
insulation  between  the  turns.  The  shaft  of  the  flywheel  armature 
is  coupled  directly  to  a  three-crank  engine  of  1,800  horse-power, 
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and  is  supported  by  two  spherical  bearings  1 2  in.  diameter  x  36  in. 
long,  lined  with  white  metal.  ^ 

(5)  The  Mordey  Victoria  alternator^  with  which  we  shall  close 
our  descriptions  of  modern  dynamos,  is  manufactured  by  the 
Brush  Electrical  Engineering  Co.  to  the  designs  of  its  inventor, 
Mr.  W.  M.  Mordey.   Belonging  as  it  does  to  the  class  of  machines 


Fig.  1 79, —Magnet  of  Mordey  alternator. 

which  we  have  called  *  unipolar  *  (Chap.  IX.),  and  of  which  we 
have  not  hitherto  described  any  example,  it  possesses  for  us  many 
novel  features,  chief  among  which  are  its  single  exciting  coil  and 
its  peculiar  revolving  field-magnet.     The  machine  has  already 

*  See  Electrical  Engineer^  Nov.  29,  1895,  and  Electrician  of  the  same 
date.  For  a  description  of  the  1,250  H.  P.  alternators  at  the  Deptford  station 
of  the  London  Electric  Supply  Corporation,  see  Fleming's  AUemate- current 
Transformer i  vol.  ii.  pp.  328-331.  They  are  worked  regularly  in  parallel 
with  625  H.P.  alternators,  supplying  current  at  2,400  volts  transformed  up 
to  zo,ooo  volts. 

II  H 
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been  diagrammatically  represented  in  fig.  80,  and  is  of  the  disc 
type  :  as  such,  the  bobbins  of  its  armature  are  somewhat  similar 
in  appearance  to  those  of  the  last-described  machine ;  yet  their 
action  is  entirely  different,  owing  to  the  complete  dissimilarity  of 


Fig.  x8o.— Armature  of  Mordey  alternator  (front  view). 

the  field-magnet.  The  construction  of  this,  with  its  cylindrical 
core  and  its  two  claw-shaped  castings  of  soft  steel,  one  at  either 
end,  has  been  already  alluded  to  on  pp.  164,  266.  Fig.  179  shows 
the  complete  magnet  as  it  was  first  made,  but  in  later  machines 


Digitized  by  VjOOQ  IC 


DESCRIPTIONS  OF  TYPICAL  DYNAMOS        467 

the  claws  which  form  the  poles  on  either  side  are  united  by  a  thin 
external  web,  so  as  to  present  a  smooth  surface  and  prevent 
churning  of  the  air  during  rotation,  and  this  form  is  indicated  in 
fig.  80.  The  heavy  mass  of  the  field-magnet  revolving  at  a  high 
speed  possesses  great  moment  of  inertia,  and  thereby  exerts  a  very 
considerable  fly-wheel  action  ;  this  not  only  has  the  direct  effect 
of  rendering  the  alternating  E.M.F.  more  regular  in  its  continuous 
rise  and  fall  in  cases  where  the  speed  of  the  prime  mover  fluctuates 
in  each  revolution,  but  also  has  the  incidental  advantage  that  it 
helps  to  keep  the  machine  in  step  when  it  is  used  as  a  motor  or 
in  parallel  with  other  machines.  Whatever  the  number  of  poles 
or  alternations,  there  is  but  one  exciting  coil  wound  on  the  central 
steel  core,  which  is  flanged  at  either  end  and  keyed  to  the  shaft ; 
as  seen  in  fig.  179,  the  coil  is  divided  on  its  surface  by  a  central 
groove,  within  which  the  inner  ends  of  the  armature  coils  extend, 
the  required  length  of  the  magnetic  circuit  being  thereby  shortened. 
Since  the  coil  revolves  with  the  magnet,  it  is  necessary  to  employ 
rubbing-contacts  to  pass  the  low-tension  exciting  current  into  and 
out  of  the  field-winding  :  accordingly,  two  gun-metal  collecting 
rings  (seen  to  the  right  of  the  magnet  in  figs.  179  and  181)  are 
arranged  side  by  side  on  the  shaft,  from  which,  as  well  as  from 
one  another,  they  are  insulated  by  ebonite,  and  against  these 
ordinary  brushes  are  seen  to  be  pressed  in  fig.  181,  each  collecting 
ring  being  provided  with  a  pair  for  greater  security.  In  some 
machines,  however,  connection  is  made  with  the  exciter  by  means 
of  two  flexible  bands  of  folded  copper  gauze,  which  hang  over  the 
two  rings  and  are  pressed  against  them  by  weights  at  their  ends. 
At  the  right-hand  end  of  the  shaft,  in  fig.  179,  there  will  be  noticed 
several  thrust-collars  which  prevent  the  magnet  from  moving  end- 
ways— a  matter  of  great  importance,  having  regard  to  the  small 
clearance  between  the  armature  and  the  revolving  poles  on  either 
side.  The  shaft  is  supported  by  two  cast  gun-metal  plummer- 
blocks,  with  bearing  surfaces  lined  with  white  metal ;  the  use  of 
gun-metal  for  the  entire  plummer-block  is  needed  in  order  to 
prevent  magnetic  leakage,  since,  if  cast-iron  were  employed,  there 
would  be  a  comparatively  large  flow  of  lines  along  the  shaft,  down 
through  one  bearing  into  the  bedplate,  and  returning  through  the 
second  bearing  into  the  shaft. 

H  H2 
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The  magnet  of  fig.  179  forms  part  of  a  37^  kw.  machine^ 
giving  2,000  volts  and  i8|  amperes  at  660  revolutions  per  minute, 
and  figs.  180  and  iSoa  show  the  two  sides  of  the  armature  for 
this  same  machine ;  since  there  are  nine  interpolar  fields,  and  the 


Fig.  1 80a.— Armature  of  Mordey  alternator  (back  view). 

winding  is  divided  into  18  coils,  the  'frequency*  of  the  machine 
is  thus  100  ~  per  second  (p.  164).  Being  stationary,  the  armature 
has  to  resist  the  tangential  pull  on  its  inductors  due  to  the  magnetic 
field,  but  is  not  subjected  to  any  stresses  from  centrifugal  force. 
The  armature  coils  are  formed  by  winding  a  thin  copper  tape,  ^'* 
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wide,  on  an  ovate  core,  the  turns  being  separated  by  a  very  thin 
band  of  fibre  wound  on  at  the  same  time.  The  cores  are  of 
slate,  a  material  which  not  only  possesses  the  requisite  mechanical 
strength,  and  is  a  good  insulator,  but,  further,  is  entirely  free  from 
the  hysteresis  and  eddy-currents  which  are  inseparable  from  an 
iron  core.  In  the  latest  machines  of  large  size  a  number  of  small 
slots  are  drilled  through  the  slate  core  down  its  centre-line  (fig. 
182,  i.),  and  through  these  while  the  coil  is  tightly  compressed  are 
laced  bands  of  whipcord.  The  surface  of  the  winding  is  covered 
with  micanite,  to  prevent  sparking  from  the  coil  to  the  poles. 
Each  coil  is  mounted  at  its  broad  end  between  two  German- 
silver  plates,  ebonised  on  their  surface,  and  these  are  bolted  to 
the  inner  face  of  a  circular  gun-metal  ring  which  forms  the  external 
support  of  the  entire  armature.  All  the  metal  work  is  outside  the 
path  swept  by  the  dense  interpolar  fields ;  eddy-currents  are,  how- 
ever, liable  to  be  set  up  in  the  bobbin-holders  by  straying  lines, 
and  hence  German  silver  is  employed  in  their  construction,  the 
high  electrical  resistance  of  this  metal  sufficing  to  reduce  the  loss 
from  eddies  to  a  very  small  amount  The  non-magnetic  gun-metal 
ring  obviates  the  greater  magnetic  leakage,  and  the  correspondingly 
greater  eddy-current  loss,  which  would  be  occasioned  were  iron 
employed. 

The  tapering  shape  of  the  coils  is  such  that  when  the  entire 
number  are  assembled  they  fit  tightly  together  like  the  wedge- 
shaped  stones  of  an  arch.  The  bolt-holes  in  the  gun-metal  ring 
are  oblong  in  shape,  with  their  longer  axis  radial ;  hence  when 
the  winding  becomes  compressed  by  the  working  stress,  screws 
attached  to  each  coil  enable  them  to  be  individually  thrust  inwards 
towards  the  centre  until  all  are  again  wedged  tightly  together  (fig. 
182,  i.  and  ii.).  The  connections  of  the  coils  to  one  another  are 
made  by  short  lengths  of  insulated  wire  passing  through  the 
German-silver  bobbin-holders,  and  protected  by  porcelain  insu- 
lators, as  seen  in  fig.  180  ;  the  ends  of  the  winding  are  led  to  two 
screw  terminals,  placed  on  the  outside  of  the  armature  ring,  and 
carefully  insulated  by  the  hard  wood  blocks  in  which  they  are 
embedded.  The  armature  frame  is  cast  in  two  pieces  and  bolted 
together  at  the  top  and  bottom,  while  a  pair  of  curved  arms 
springing  out  from  either  side  ?u:e  bolted  to  tjie  bearings,  and  stay 
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the  armature  on  a  horizontal  diameter.     At  the  base  the  gun-metal 
ring  is  rigidly  bolted  to  the  cast-iron  bedplate.     A. foot  with  guides 


is  also  provided  as  an  extension   to  the    bedplate  in  a  line 
with  the  armature  and  on  to  this  the  half  of  the  armature  can 
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5  slid  outwards  for  inspection.  Each  coil  with  its  holder 
2ing  complete  in  itself,  any  one  can  be  easily  removed  and 
splaced. 

Fig.  181  shows  a  perspective  view  of  a  75-kw.  alternator  com- 
lete  with  grooved  pulley  for  rope-driving :  it  has  12  fields  and 
4  armature  coils,  and  at  a  speed  of  500  revs,  per  min.  gives 
t,ooo  volts  and  37*5  amperes  with  a  frequency  of  100 '^  per  sec. 
The  exciter  is  in  this  case  a  small  continuous-current  Victoria 
machine,  carried  on  a  bracket  projecting  from  the  bedplate  and 
driven  directly  from  the  alternator  shaft :  it  supplies  an  excitation 
of  i7i  amperes  at  65  volts,  or  1,140  watts. 

Fig.  182  shows  in  outline  one  of  the  200-kilowatt  alternators 
at  the  Leicester  electric-light  station.  ^  These  are  driven  at  96  revolu- 
tions per  minute  by  horizontal  engines,  to  which  they  are  connected 
by  Raworth  flexible  couplings.  The  voltage  is  2,000  and  the 
periodicity  96,  there  being  60  poles  on  each  side  and  120  coils  in 
the  armature.  Fig.  182  iv.  and  v.  show  the  upper  half  of  the 
machine  as  supported  by  girders  on  the  foundation,  the  lower 
half  being  below  the  floor  level.  Owing  to  the  large  size  of  the 
machine,  the  cast-iron  frame,  to  which  the  gun-metal  armature 
ring  is  bolted,  is  divided  into  four  quadrants  hinged  on  a  horizontal 
diameter :  each  of  these  can  be  unbolted  and  swung  back  from 
the  cast-iron  end  girders  for  inspection  or  repair,  and  one  quadrant 
is  so  exposed  in  fig.  182,  v.  The  exciting  coil  is  entirely  divided 
into  two  halves  (as  shown  in  fig.  182,  iii.),  and  the  central  cast- 
steel  core  is  pierced  with  a  number  of  conical  radial  openings ; 
thus  air  can  pass  freely  through  the  core  and  field-coil  to  the 
armature.  The  side  cheeks  whence  the  poles  project  are  in  two 
pieces,  bolted  together,  and  they  are  fastened  by  bolts  and  circular 
feathers  to  the  flanges  of  the  inner  core.  End-play  of  the  magnet 
is  prevented  by  shoulders  on  the  shaft  abutting  against  the  inner 
ends  of  the  two  bearings.  These  are  of  swivel  type,  and  are 
automatically  lubricated  by  a  small  oil  pump  seen  in  the  illustra- 
tion :  they  are  entirely  separate  from  the  engine,  and  are  not  in 
any  way  affected  by  the  wear  of  the  engine  bearings,  owing  to  the 
interposition  of  the  flexible  coupling. 

*  See  the  Engineer,  July  19,  1895,  ^^  which  we  are  indebted  for  the 
illustrations. 


Digitized  by  VjOOQ  IC 


472  THE   DYNAMO 

A  striking  feature  of  this  alternator,  as  compared  with  multi- 
polar machines,  is  the  economy  with  which  the  field  is  produced, 
especially  in  small  sizes :  thus  the  37^-kw.  machine  requires  500 
watts,  or  1*33  per  cent,  of  the  output,  for  excitation  of  the  magnet 
at  full  load,  and  400  watts  at  no  load.  These  figures  are  taken 
from  a  paper  read  by  Mr.  Mordey  before  the  Institution  of 
Electrical  Engineers,^  and  it  is  there  stated  that  3  H.P.  is  required 
to  drive  the  machine  at  full  speed  with  full  E.M.F.,  but  no  external 
load,  and  that  of  this,  1*5  H.P.  is  absorbed  in  eddies  set  up  in  the 
armature  inductors  and  their  supporting  metal-work,  the  remaining 
I '5  H.P.  being  absorbed  by  ordinary  mechanical  friction  in  the 
barings,  &:c. 

The  remarkable  smallness  of  these  losses,  which  is  to  be 
ascribed  to  the  absence  of  iron  in  the  armature  and  the  perfectly 
steady  flow  of  the  field-lines,  renders  the  machine  extremely 
efficient  at  light  loads — an  important  matter  in  central-station 
work,  where  one  machine  at  least  is  usually  running  lightly  loaded 
for  several  hours  during  the  daytime.  Assuming  that  the  eddy- 
loss  is  the  same  at  full  load  as  at  no  load  (in  reality  it  is  probably 
somewhat  greater),  we  can  thence  deduce  the  commercial  efficiency 

as  follows  : — 

MechaDical  friction        .         .     1,120 

Eddy-currents        .         .         .     1,120 

Armature  resistance        .         .        875 

Excitation     ....        500 

3.615 
Commercial  efficiency  = — 37>5QQ  — --gj  p^j.  cent.* 
37,500  +  3,615 
In  a  75-kw.  alternator  directly  coupled  to  its  steam-engine,  the 
exciting  energy  is  3  per  cent,  of  its  output,  and  in  a  similar  100- 
kw.  alternator  27  per  cent.,  the  over-all  efficiencies  of  the  plants 
being  respectively  80*5  and  81  per  cent* 

*  Journal  Inst,  Elec,  Eng,  vol.  xviii.  part  81,  1889,  a  paper  which  contains 
much  useful  information  on  the  subject  of  alternate-current  working,  among 
its  chief  points  being  a  description  of  tests  made  with  two  37j-kw.  machines, 
and  demonstrating  their  power  of  working  in  parallel  or  as  motors. 

*  This  calculation  does  not,  of  course,  include  the  losses  in  the  exciter  itself, 
which  might  be  an  additional  500  watts  :  taking  this  into  account  the  over-all 
efficiency  of  alternator  and  exciter  works  out  to  about  90  per  cent. 

■  Report  on  the  Dover  Station,  Electrical  Engineer,  January  17,  1896. 
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In  recent  alternators  of  2So-kw.  output  at  300  revs,  per  min., 
a  commercial  efficiency  of  93  per  cent,  is  guaranteed. 

Owing  to  the  low  resistance  of  its  armature,  together  with  the 
fact  that  the  reaction  of  the  armature  current  on  the  field  is  small, 
the  drop  of  volts  between  no  load  and  full  load  under  constant 
excitation  is  very  small ;  or,  conversely,  to  maintain  a  constant 
terminal  voltage  the  exciting  energy  only  requires  to  be  varied 
between  small  limits,  a  feature  of  considerable  value  in  central- 
station  working. 
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CHAPTER    XX 

DYNAMO    DESIGNING 

The  various  parts  of  the  dynamo  having  now  been  considered 
in  detail,  our  results  may  be  summed  up  in  the  complete  design 
of  a  machine.  The  practical  art  of  designing  resolves  itself  into 
a  question  of  striking  a  balance  between  a  variety  of  conflicting 
considerations,  all  of  which  are  of  importance  in  different  degrees, 
and  each  of  which  will  vitally  affect  the  entire  design  of  the 
machine.  Thus  a  dynamo  must  be  efficient,  yet  at  the  same  time 
it  must  not  be  too  costly  to  manufacture  ;  it  must  be  compact, 
yet  well  ventilated  ;  thoroughly  strong,  yet  not  too  heavy.  Any 
one  feature,  however  desirable  in  itself,  will,  if  carried  to  excess, 
have  some  disadvantageous  consequence  in  another  direction,  and 
lie  is  the  best  designer  who  can  effect  a  series  of  compromises, 
such  that,  while  each  consideration  is  given  its  proper  weight, 
none  are  forced  into  undue  prominence,  and  a  design  well- 
balanced  as  a  whole  results  from  his  practised  judgment. 

Since  the  dynamo  is  primarily  a  generator  of  electric  pressure, 
the  first  consideration  must  be  the  production  of  the  requisite 
volts.  This,  being  a  question  of  the  rate  of  cutting  lines,  will 
depend  on  the  speed,  the  number  of  inductors,  and  the  number  of 
lines  passing  through  the  armature.  In  the  majority  of  cases,  for 
a  given  output,  the  "speed  may  be  taken  as  fixed  :  either  it  is 
directly  specified,  or  it  is  to  a  great  extent  settled  by  recognised 
practice  or  questions  of  mechanical  strength  and  durability.  Thus, 
to  take  the  case  of  an  ordinary  continuous-current  dynamo,  either 
it  will  be  belt-driven,  or  it  will  be  engine-driven.  In  the  former 
case  it  will  usually  fall  into  one  or  other  of  two  series,  running  at 
speeds  which  may  by  comparison  be  regarded  as  respectively  high 
and  low.     In  the  latter  case  its  speed  may  again  be  classified  as 


Digitized  by  VjOOQ  IC 


DYNAMO  DESIGNING 


475 


high  or  low,  according  as  the  engine  is  of  the  single-acting  class, 
of  which  Messrs.  Willans  and  Robinson's  central-valve  engine  is 
the  most  prominent  example,  or  of  the  double-acting  class,  which 
is  so  largely  used  for  ship-lighting.  Hence,  although  makers  vary 
considerably  in  the  speeds  which  they  select  for  different  outputs, 
yet  there  is  sufficient  agreement  to  enable  us  to  draw  up  a  table 
giving  average  values  for  the  speeds  of  the  different  classes. 


Output 

in 
kilowatts 

Speed  in  revs,  per  min. 

Belt-driven 

Engine-driven 

High 

Low 

Single-acting 

Double-acting       | 

I '5 

1,500 

850 

700 

350 

.411 

5 

1,200 

750 

600 

300 

lO 

1,000 

700 

550 

250 

15 

900 

650 

520 

250J 

20 

800 

600 

500 

3201 

•s 

30 

700 

Soo 

475 

320 

ss 

40 

600 

450 

450 

300 

If 

50 

5SO 

400 

400 

250 

100 

400 

375 

200'    ^             1 

Suppose  that  it  is  desired  to  design  a  machine  to  give  130  volts 
and  62  amperes  when  running  at  a  speed  of  800  revs,  per  min., 
and  charging  accumulators  ;  to  be  further  capable  of  lighting 
lamps  directly,  and  in  this  case  to  give  100  volts  at  840  revs,  when 
but  few  lamps  are  on,  and  to  compound  up  to  105  volts  at  810 
revs.,  when  the  current  rises  to  60  amperes,  and  all  the  lamps  are 
burning  :  a  machine  designed  to  comply  with  these  several  con- 
ditions will  introduce  to  us  several  of  the  nicer  problems  of  the 
art,  since  it  will  have  to  be  arranged  with  a  shunt  field-winding 
capable  of  giving  the  full  voltage  of  130  volts  at  800  revs.,  with  a 
resistance  in  the  shunt  to  lower  the  voltage  at  the  no-load  speed, 
and  with  a  series-winding  to  make  the  machine  compound 
between  the  limits  of  o  amperes,  840  revs.,  and  60  amperes, 
810  revs. 

For  such  an  output  a  2-pole  ring-  or  drum-wound  machine 
would  generally  be  used ;  the  exact  type  will  depend  on  the 
class  of  machine  constructed  by  the  maker,  but  we  will  here 
assume  that  a  2-pole  ring  armature  with  over- type  horseshoe  field 
has  been  decided  upon  (fig.  2). 
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The  determination  of  the  best  diameter  and  length  of  armature 
core,  without  reference  to  other  designs  or  machines  previously 
built,  can  only  be  effected  by  a  method  of  trial  and  error.  The 
speed  being  fixed,  the  peripheral  velocity  which  is  usually 
regarded  as  permissible  in  the  type  of  machine  gives  a  rough  idea 
of  a  reasonable  diameter  of  core  ;  although,  as  a  matter  of  fact, 
the  speed  has  in  the  first  instance  become  more  or  less  settled  by 
the  peripheral  velocity  which  results  from  the  diameter  of  core 
that  is  usually  employed  in  ordinary  machines.  Assuming,  then, 
a  certain  diameter  of  core,  d,  we  can  estimate  the  radial  depth 
which  the  core-discs  would  normally  have,  e,g,  in  a  ring  armature 
about  '19  D  (p.  258),  and  adopting  an  average  length  of  core, 
say  I  or  I J  times  d,  we  can  calculate  the  net  cross-sectional 
area  of  iron  in  the  two  sides  of  the  ring,  i.e.  2ab  (cp.  p.  296). 
Taking  a  normal  value  of  b^,  we  thus  arrive  at  z^,  =  b^  X  2ab^  and 
thence  the  requisite  value  of  t  for  the  given  speed  follows  of 
necessity.  Dividing  the  available  circumference  of  the  armature 
by  T,  we  find  the  size  of  wire  that  can  be  employed,  and  can 
roughly  calculate  the  resistance  of  the  armature  from  brush  to 
brush ;  the  question  of  one  or  more  layers  on  the  outside,  as 
allowed  by  the  air-gap,  and  of  room  on  the  inside,  must  also  be 
considered.  At  this  point  the  full-load  current  is  a  decisive  factor, 
the  output  of  any  continuous-current  dynamo  being  limited  by  the 
two  considerations  of  heating  and  sparking,  either  or  both.  If, 
therefore,  we  find  either  the  total  watts  lost  in  the  armature  or  the 
ampfere-stream  too  great,  the  only  course  open  to  us  is  to  increase 
either  the  length  or  diameter  of  core,  or  both,  the  value  of  z« 
being  increased,  and  the  value  of  t  being  proportionately  reduced. 
By  a  series  of  trials  we  arrive  at  such  a  mutual  relation  between 
T  and  Za  as  will  give  a  suitable  size  of  armature  and  a  winding  of 
practicable  nature  which  will  not  overheat  or  give  rise  to  sparking. 
In  thus  determining  the  size  of  armature  core  from  first  principles, 
considerable  latitude  may  be  permitted  to  the  judgment  and 
discretion  of  the  designer ;  for  within  certain  limits  the  relation 
between  d  and  l  may  be  varied  without  greatly  affecting  the  cost 
or  efficiency  of  the  machine,  although,  as  a  general  rule,  as  small 
a  diameter  as  is  practicable  is  to  be  preferred.  In  the  drawing- 
office  of  a  dynamo  manufacturer,  however,  the  result  is  in  roost 
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cases  quickly  arrived  at  by  reference  to  a  list  of  standard  armatures, 
or  at  least  of  standard  diameters  of  core-discs,  from  which  arma- 
tures of  different  lengths  may  be  built  up.  After  constructing  a 
number  of  machines,  a  maker  is  able  to  draw  out  a  table  showing 

the  maximum  value  which  the  quantity  revs,  per  mh"  ^^  ^^"^  ^^^^ 
of  the  standard  armatures,  and  this  quantity  may  be  taken  as 
the  maximum  number  of  watts  per  rev.  per  min.  which  can  safely 
be  obtained  in  continuous  working  from  each  armature  under 
average  conditions  of  voltage  and  speed.  If  either  or  both  of 
these  be  exceptionally  high,  or  if  a  particularly  small  rise  of 
temperature  is  alone  permissible,  the  value  which  this  quantity 
may  have  will  be  somewhat  lower  than  would  be  the  case  with 
moderate  voltages  and  speeds ;  yet  within  wide  limits,  each  size 
of  armature  core  may  be  regarded  as  corresponding  to  a  certain 
number  of  watts  per  rev.  per  min.,  and  by  the  value  of  this,  its  cost 
to  manufacture  is  almost  immediately  determined  with  very  fair 
accuracy.  Thus  in  the  present  case  the  designer  would  look  out 
in  his  table  the  standard  size  of  core  corresponding  most  closely 

to  -^^  =10  watts  per  rev.  per  min.,  and  we  will  assume  that  this 
800 

leads  him  to  a  ring- wound  core  of  discs  9"  external  diameter,  5^" 

internal  diameter,  and  12"  long.     The  net  sectional  area  of  iron 

in  such  a  core  after  allowing  for  insulation  between  the  discs  is 

calculated  as  explained  on  p.  296,  and  is  found  to  be  235  sq.  cm. 

A  suitable  induction  in  the  armature  core  will  be  18,600  lines  per 

sq.  cm.,  whence  z^  =  18,600  x  235  =  4,370,000. 

The  loss  of  volts  over  the  armature  will  be  roughly  about  6,  so 

that  Ea  =  136  volts  ;  and  therefore  from  equation  (ii) 

___  EaX6oxio®  __    136x60x10*  _ 
Za  XN  4^  70,000  X  800 

Now  for  an  armature  current  of  about  66  ampferes  it  will  not  be 
advisable  to  have  more  than  three  turns  per  commutator  section,  and 

we  must  therefore  choose  between  ^H  =77,  involving  a  slightly 
increased  induction,  or  -34  C9  78,  with  a  slightly  reduced  induc- 
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tion.  In  drawing- office  practice  the  number  of  sections  may  have 
to  be  arranged  to  suit  a  standard  list  of  commutators,  but,  apart 
from  such  a  list,  the  question  only  remains  as  to  the  number  of 
sections  which  is  most  suitable,  and  will  not  exceed  the  maximum 
that  is  commercially  practicable.  With  ring  armatures,  an  uneven 
number  of  commutator  parts  is  not  to  be  recommended  for  reasons 
deducible  from  p.  387.  When  the  brushes  are  set  exactly  opposite 
to  each  other  on  a  commutator  having  an  uneven  number  of  segments, 
the  coils  at  the  opposite  brushes  are  short-circuited  alternately, 
first  at  the  positive,  and  then  at  the  negative  brush  ;  then  again 
at  the  positive  brush,  and  so  on.  Now,  if  it  happens  that  at  the 
instant  of  short-circuiting  a  large  current  is  set  up  in  the  coil, 
the  part  of  this  current  which  is  not  balanced  by  the  normal  arma- 
ture current  flowing  in  the  opposite  sections  will  tend  to  send  lines 
round  through  the  core  ;  the  result  of  this  tendency  is  to  increase 
the  density  of  the  lines  in  the  portion  of  the  core  opposite  to  the 
coil,  and  to  decrease  the  density  in  the  portion  that  it  covers. 
When  the  opposite  section  becomes  in  turn  short-circuited,  a 
similar  action,  but  in  the  reverse  direction,  takes  place,  the  total 
result  being  the  same  as  though  the  effects  of  an  alternating 
current  with  a  periodicity  of  s .  «  (where  s  is  the  number  of  com- 
mutator sections,  and  n  the  number  of  revolutions  per  second) 
were  superimposed  on  the  magnetised  core.  Thus  the  difficulty 
of  sparkless  commutation  may  be  appreciably  increased,  as 
well  as  the  hysteresis  and  eddy-current  losses  in  the  core. 
In  a  drum  armature  no  such  action  will  take  place,  and  if  any- 
thing an  uneven  is  better  than  an  even  number  of  commutator 
segments. 

Returning  to  the  9''  x  12"  ring  machine,  we  thus  decide  upon 
78  sections  and  234  inductors.  The  size  of  inductor  has  njBxt  to 
be  determined,  and  in  order  to  arrive  at  this,  the  first  step  is  to 
divide  the  available  space  on  the  armature  by  t.  The  external 
circumference  of  the  discs  is  28*2",  but  at  least  i"  should  be 
deducted  to  allow  the  winder  a  little  play,  so  that  the  available 
circumference  is  reduced  to  27*2",  and  the  maximum  width  of 
each  insulated  inductor,  if  disposed  in  a  single  layer  on  the  out- 
ride, becomes  ^1^  =  •116".  Round  wires  are  generally  insulated 
234  ^  ^ 
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with  a  double-cotton-covering  about  15  mils.  (a=  '015")  thick,  i.e. 
7^  mils,  a  side,  and  rectangular  wires  of  small  section,  with  about 
20  to  25  mils.,  although  for  large  sizes  a  braided  covering  is  often  em- 
ployed, ranging  from  30  to  40  mils.,  i.e.  15  to  20  mils,  a  side.  We  will 
here  commence  with  a  round  wire,  and  allow  15  mils,  for  insulation, 
whence  the  maximum  diameter  works  out  to  -i  16"  —  '015"  =  'loi". 
This  does  not  happen  to  be  an  exact  size  in  the  S.W.G.  or 
B.W.G.,  and  although  any  size  can  be  specially  drawn,  it  is  as 
well,  wherever  the  exact  gauge  is  not  of  great  importance  (as  it  is 
in  shunt-windings),  to  adopt  the  next  smallest  stock  or  standard 
size,  since  it  will  be  more  easily  obtainable — in  the  present  case, 
say  No.  13  B.W.G.,  or  '095"  diameter  d.c.c.  to  •no."  From  the 
dimensions  given  in  fig.  135,  the  mean  length  of  one  complete 
loop  round  the  armature  can  be  estimated  to  be  28|"  =  2*4  ft. 
The  total  length  of  armature  wire  will  be  therefore  2-4  x  234 
=  562  ft :  the  resistance  of  1,000  ft.  of  '095  wire  at  60°  F.  is 
I  144  ohms;  and  therefore,  by  p.  256,  the  resistance  of  the 
armature  at  60**  F.  is 

S6iXl244=.i6iohm. 
4  X  1,000 

Assuming  that  the  maximum  temperature  reached  in  con- 
tinuous working  will  be  about  120**  F.,  13  per  cent,  must  be  added 
to  obtain  the  resistance  when  hot,  or*i6ixi'i3=*i82  ohm  ;  the 
volts  lost  over  the  armature  will  be  CaRa=*i82  x  66=12,  and  the 
watts  SB  1 2  X  66= 792  .  Not  only  is  this  loss  too  great  a  percentage 
from  the  point  of  view  of  efficiency,  but  the  armature  is  too  small 
to  dissipate  the  heat  quickly  enough,  so  that  it  will  become 
seriously  overheated.  It  is  therefore  necessary  to  alter  the  winding, 
and  a  simple  alteration  will  be  to  wind  two  wires,  each  '095"  dia- 
meter, in  parallel  with  each  other,  thereby  halving  the  resistance 
and  the  loss  over  the  armature.  A  length  of  air-gap  of  ^'  will 
not  be  too  great  in  a  machine  of  our  present  size,  and  will  permit 
of  the  two  layers  being  wound  on  the  outside ;  but  it  remains  to 
be  seen  whether  there  will  be  sufficient  room  on  the  inside  of  the 
ring  between  the  arms  or  spokes  of  the  gun-metal  hub.  For  9" 
discs  three  driving  arms  will  be  sufficient  (as  shown  in  fig.  2), 
each  i"  ^^^^  immediately  below  the  discs.  A  layer  of  fibre  -^'^ 
thick  will  be  required  on  the  inner  surface  of  the  discs,  and  on 
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either  side  of  the  arms  a  somewhat  thicker  insulation  of  fibre,  say 
^V'  thick.  Thus  the  width  of  each  insulated  arm  is  H">  *"^ 
their  total  width,  say  2*i",  must  be  deducted  to  obtain  the  available 
circumference  for  each  inside  layer.  Further,  in  each  of  the  three 
divisions  a  certain  play  must  be  allowed  to  the  winder,  say  "2",  to 
enable  him  to  accommodate  the  numerous  wires  without  difficulty. 
On  working  out  the  available  circumference  for  each  layer,  it  will 
be  found  that  five  internal  layers  will  be  required,  and  not  only 
will  it  be  troublesome  to  build  up  six  round  wires  forming  three 
turns  per  commutator  segment  into  five  layers,  but  the  winding 
becomes  cramped  owing  to  the  inner  layers  approaching  so  closely 
to  the  cylindrical  body  of  the  hub  (3  J"  diameter).  A  rectangular 
wire  will,  however,  pack  more  closely  on  the  inside,  even  though  it 
requires  a  slightly  thicker  insulation,  and  will  be  more  easy  to  build 
up  in  two  layers  on  the  outside  ;  if  its  dimensions  be  •190"  x  '075", 
its  area  will  be  equal  to  that  of  the  two  round  wires  in  parallel.  A 
further  question  now  arises  :  if  wound  flat-wise,  the  width  of  the 
rectangular  wire  is  so  great  that  large  eddy-currents  will  be  set  up 
in  each  inductor  (p.  246),  while  to  wind  it  on  edge  will  be  a  very 
arduous  task,  and  will  probably  end  in  the  insulation  at  the  corners 
opening  out  or  becoming  damaged.  The  difficulty  is,  however, 
overcome  if  we  again  have  recourse  to  two  wires  wound  in  parallel, 
each  being  "085"  square  d.c.c.  to  •105"  :  the  rectangular  section 
will  render  it  easier  to  wind  the  pair  one  above  the  other  on  the 
outside,  while  on  the  inside  each  pair  of  contiguous  sections  can 
be  built  up  together  in  four  layers,  with  one  turn  dropped  down 
to  form  a  fifth  layer.  Thus  each  of  the  three  layers  nearest  the 
core  will  contain  117  wires,  while  the  fourth  and  fifth  layers  will 
contain  78  and  39  respectively.  To  test  this  arrangement,  let  us 
consider  the  third  internal  layer  \  its  diameter  will  be  473",  and 
its  available  circumference  14-8— (2*1 +  '6)=i2*i",  while  'los" 
X  1 1 7= 1 2  •3".  Hence,  at  occasional  intervals,  say  once  in  each 
third  of  the  armature,  it  may  be  necessary  to  lower  a  turn  from  the 
third  into  the  fourth  layer.  The  distance  of  \^'  dividing  the  inner- 
most layer  from  the  body  of  the  hub  may  be  taken  as  the  minimum 
which  should  be  allowed.  Owing  to  the  greater  depth  of  the 
winding,  our  value  for  the  mean  length  of  one  turn  will  require  to 
be  increased  to  29^"=2'46  feet ;  but  the  area  of  conductor  is  now 
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slightly  greater,  and  the  resistance  per  1,000  feet  of  the  two  in 
parallel  is  -565  ;  whence 

234  X  2-46  X -565        -        , 

R^--.-_2!t 1 i-Oss-ogic  ohm, 

^  4  X  1,000  ^        ^ 

or  when  hot  '092,  giving  a  loss  of  6*05  volts  and  400  watts  at  full 
current. 

Our  original  assumption  of  Za=4,37o,ooo  may  still  be  allowed 
to  stand,  with  its  maximum  induction  of  Ba=j 8,600  ;  thence  from 
the  curve  of  fig.  112,  the  joules  expended  in  hysteresis  per  cubic 

cm.  per  cycle  are  "ooijS.    The  cycles  per  second  are  —— =i3*3, 

60 

and  the  cubic  cm.  of  iron  in  the  core  are  6,800.    The  rate  of 

loss  by  hysteresis  in  the  armature  core  is  therefore  (cp.  p.  409) 

•00138  X  13*3  x6,8oo=i25  watts.    The  eddy-current  loss  can  only 

be  estimated  by  referring  to  the  results  obtained  from  previous 

machines,  similarly  constructed  and  wound,  when  tested  by  the 

method  to  be  described  subsequently.    Assuming  it  to  be  325 

watts,  the  total  loss  over  the  armature  (eq.  45)  is  400  +  125  +  325 

ss  850  watts.    The  cooling  surface  calculated  in  the  manner 

explained  on  p.  410  is 

IT  X  9*5  X  14-5  X  2  .  ^^9!5_  =574  square  inches, 
4 
and  therefore  the  rise  of  temperature  of  the  outside  of  the  arma- 
ture is  by  equation  (47) 

=  ii5'x ^g^  =115  X  J5^=68-5«F., 

574+574  xj>/ 1,980  1,425 

30 

which  is  as  high  as  is  permissible.     In  practice  it  will  probably 

be  less,  since  at  the  end  of  the  charging  of  the  accumulators, 

when  the  highest  voltage  and  strongest  field  are  required,  the 

current  will  fall  slightly,  while  when  lighting  lamps  direct  with  the 

full  current,  the  field  is  weakened  to  reduce  the  voltage,  and  hence 

the  eddy-current  and  hysteresis  losses  are  lessened. 

The  insulation  on  the  core  will  be  barely  yV"  thick,  say  '060" ; 

upon  this  are  the  two  layers  of  wire,  2  x  '105"  =  -210",  and  above 

all  the  bands  of  binding-wire  :   these  latter,  together  with  their 

backing  of  mica  and  tape,  will  have  a  thickness  of  about  035",  the 

1 1 
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wire  itself  being  *o2o"  diameter.  The  over-all  diameter  of  the 
completed  armature  will  thus  be  9  +  '12  +  '42  +  •07=9-61,  say  9f". 
The  clearance  between  the  binding-wire  and  the  iron  of  the  pole- 
piece  should  be  not  less  than  ^V'  ^or  all  diameters  up  to  9",  and 
i"  for  diameters  from  9"  to  13"  ;  while  above  these  sizes  it  should 
be  increased  to  ^".  Allowing  J"  for  clearance  on  either  side,  the 
bore  of  the  pole-pieces  in  our  present  machine  must  be  9I",  or 
2/^=:*875"=2-22  cm.  With  a  polar  angle  of  130**,  the  area  of 
air-gap  is  calculated  to  be  880  square  cm.  (p.  298),  whence 

' Wo ^^^^' 

When,  however,  the  machine  is  giving  105  volts,  and  full  current 
at  810  revolutions,  the  number  of  lines  will  be  reduced  to  about 
3,580,000,  and  the  induction  in  the  air-gap  to  4,070  ;  and  it  is 
under  these  more  unfavourable  conditions  that  we  must  test  our 
design  for  sparklessness  at  the  brushes.  By  the  formula  of  p.  384 
the  permissible  ampere-stream  is 

A.  max.=i4iii:^=  144x4,070x2-22^ 

whereas  the  actual  ampfere-stream  =  t  x  -^=234X  — =7,700, 

2  2 

and  is  therefore  well  within  the  limit.  In  fact,  even  assuming  no 
lead  of  the  brushes,  the  cross  amp^re-tums  will  be  less  than  half 
Xp,  and  the  output  of  the  armature,  as  is  usual  in  small  sizes,  is 
limited  by  the  heating,  and  not  by  sparking. 

The  next  point  to  be  decided  is  the  size  of  field-magnet.  The 
length  of  the  pole-piece  parallel  with  the  shaft  should  be  some- 
what less  than  the  length  of  the  armature  core  in  order  to  prevent 
lines  from  curving  round  into  the  flat  surfaces  of  the  end  discs  of 
the  core,  and  there  generating  eddy-currents  (p.  236),  and  in  this 
case  it  will  be  made  11  J",  or  three-quarters  of  an  inch  less  than 
the  length  of  the  core.  On  the  assumption  that  z«=i*22Z« 
(cp.  p.  312),  the  number  of  lines  passing  through  the  magnet  will 
be  5i  340,000 ;  or  from  previous  designs  we  may  even  know 
more  definitely  that  p  will  be  between  60  and  70  (cp.  pp 
302-305),  while  Xp=x«-|-Xj-f  x^can  already  be  calculated  to  b« 
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1,900+8,840  +  580=11,320  {vide  pp.  296-298);  any  such  pre- 
liminary estimate  of  p  or  z.^  may,  however,  require  to  be  sub- 
sequently verified  when  the  design  is  further  advanced.  Assuming 
the  magnet  limb  to  be  rectangular  in  section,  the  same  dimension 
of  11^"  is  best  retained  throughout  the  length  of  the  limb,  since 
then  magnet-core  and  pole-piece  are  conveniently  forged  and 
machined  as  one  slab. 

Taking  an  average  value  for  b»,  such  as  14,000,  we  obtain  for  the 

wrought-iron  limb  an  area  of  5>340i000g_^gg  gq  cm. =59*5  sq.  in., 

1 4)  000 

and  thence  the  thickness  works  out  to  5§-i-=x5«3,  or,  say,  sJ". 

Such  was  the  thickness  taken  on  p.  298  for  the  simple  shunt- 
wound  field,  and  it  might  be  thought  that  it  would  suffice  to  adopt 
the  same  value  again.  But  here  we  are  met  by  another  con- 
dition with  which  we  must  comply  :  when  working  at  840  revo- 
lutions, and  giving  100  volts  only,  the  z«  required  is  only 

100  X 60  X  io»_^  ^^,  ^^^ 
234x840        ^'  ^  • 

Now  on  referring  to  fig.  139  it  will  be  seen  that  such  a  value  is 
almost  on  the  straight  part  of  the  curve,  and  in  consequence  the 
magnetism  will  be  unstable.  It  will  be  advisable,  therefore,  in 
the  present  case  to  adopt  a  higher  induction  in  the  field-magnet, 
a  smaller  cross-section,  and  a  greater  amount  of  copper  in  the 
shunt.    Let  us  assume  6,^=14,700;  then  the  required  area  is 

SiM-i =363  sq.   cm.=56'25   sq.   in.,  and  the  thickness  is 

14,700 

5-_?5— ^//,     Taking  the  length  of  bobbin  as  about  equal  to  the 

diameter  of  armature  (p.  267),  say  10'',  a  rough  sketch  of  the 
magnetic  circuit  such  as  fig.  135  shows  us  that  the  length  of  path 
in  the  wrought  iron  will  be  94  cm. ;  the  magnet  limbs  wiU  not  be 
brought  nearer  together,  but  the  required  polar  area  will  be 
obtained  by  the  use  of  wider  polar  strips,  c^  c^  c^  c^.  Hence  the 
path  in  the  cast-iron  yoke  will  be  slightly  more  than  in  fig.  135, 
say  18  cm.  A  final  revision  will  lead  us  to  slightly  lower  our 
value  for  p,  bringing  z^  to  5,300,000,  whence  8,^=14,600  and 

1 1  a 
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By=8,22o.    By  referring  to  the  curves  of  fig.  in  we  obtain — 

X^:=23X  94=2,165 
Xy  ss  80  Xl8as  1,440 

and  total  xs=  11,320 +2,165  +  1,440=514,925. 

The  gauge  and  turns  of  the  shunt  wire  may  now  be  determined 
exactly  as  in  Chap.  XVI.  p.  329.    Taking  /,  as  38"=3*i7  ft 

/            130x1,000  .,« <.u^« 

o>'s= ^ f ^2*43  ohms, 

14,925  X  3-17  X  1-13 
and  the  necessary  diameter  is  -065".  The  rise  of  the  temperature 
of  the  coils  for  a  given  winding  is  obtainable  from  p.  402,  and  by 
a  process  of  trial  and  error  a  certain  number  of  complete  layers 
is  fixed  upon,  such  that  a  due  ratio  obtains  between  the  watts 
expended  and  the  cooling  surface:  with  18  layers  of  117  turns 
each,  and  the  two  bobbins  in  series,  t«=4,2io  and  R«s=32-5,  or 
when  hot  367  :  c,=3*54  and  the  total  watts  expended  in  the 
shunt  are  460.  The  cooling  surface  will  be  about  827  sq.  inches, 
and  therefore  the  rise  of  temperature  of  the  outside  (by  eq.  45a) 

whence  (p.  396)  ^  =  1  +(-093  x  1-4) = 1-13. 

The  number  of  ampbre-tums  required  to  produce  Za=3>o5 1,000 
on  no  load  are  calculated  as  follovrs : — 

^.Oifl.OOO 
B.s=ii2--a-2 =13,000  X.s=IIXI2-5  =      137 

|,05I.000_^^^^^^  X,=  -8  X  3,467  X  2-22=6,157 


880 


X5=  O 


X,  =6,294 

Leakage  liness=:i-256  x6,294  x63=497,ooo 
z»=3,o5  i,<xx> + 497,ooo=3iS48,ooo 

^=*^tJ.^^=9,77o         x^=  5x94  =    470 

303 

3.5_48,<>oo^5^g,^         x,=  i9Xi8  =    34» 

643  

Total  xs=7,io6 

Now  the  shunt- winding  previously  determined  has  4,210  turns  ; 
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therefore  the  shunt  current  in  this  case  must  be  c,i  =^^i^=i'6o 

4,210 

amperes,  which  is  given  by  a  resistance  of  ^—-=59*2  ohms. 

I '69 

The  resistance  of  the  shunt  itself  when  warm  will  be  32*5  x  i'09 

=35*4  ohms  (an  increase  of  9  percent,  is  here  allowed,  since  there 

will  not  be  so  many  watts  expended  in  the  field  when  working 

compound  as  when  working  at  130  volts).     Hence  the  subsidiary 

resistance  which  must  be  inserted  in  the  shunt  when  the  machine 

is  to  give  100  volts  is  59*2-  35*4s=23-8  :  in  practice  this  is  often 

divided  up  into  steps,  so  that  the  voltage  can  be  varied  between 

100  and  130  by  means  of  a  sliding  contact. 

Finally,  in  order  to  determine  the  series  portion  of  the  winding, 

it  will  be  necessary  to  work  out  x  for  105  volts,  60  amperes,  810 

revolutions.    Allowing  a  loss  of  two  volts '  over  the  series  winding, 

£^=105  +  2+6=113 ;  whence 

84=15,200  X4=26xi2*5  =    326 

Bp=4i07o  x,=-8  X4,o7o  x  2-22=7,230 

x,=  580 


{=1-256  x  8, 1 36  X  63=64^,000 


Xp=8,i36 


z»=  3,580,000  +  642,000  =  4,222,000 

B„=    11,650  X,.=    7X94  =658 

Br=  6,550  X^=32  X 18  =576 

x=9»37o 

The  shunt  will  be  arranged  as  a  *  short  shunt '  (p.  344)  across 
the  brushes,  and  as  the  auxiliary  resistance  of  23*8  ohms  will  now  be 

in  the  shunt  circuit,  c,  2=  — /^  =  i'8i  amperes,  giving  i '81  x 4,2 10 
=  7,610  ampfere-turns.     Thus  9,370-7,610=1,760  ampbre-turns 

are  left  to  be  supplied  by  the  series  winding,  and  T«=^-?=say 

60 

'  An  arbitrary  aUowance,  which,  however,  gives  a  suitable  less  of  watts  in 
the  series  winding ;  it  could  therefore  be  slightly  modified  if  any  necessity 
for  so  doing  arose. 
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29  turns.     Assuming  half  the  turns  to  be  wound  on  each  limb, 
and  the  available  length  of  coil  within  the  end-flanges  to  be  9I", 

the  insulated  conductor  may  be  ^-215= •645"  wide:  if  this  be 

14-5 
considered  rather  too  great  a  width  to  handle  conveniently  on  a 
small  former,  we  can  wind  29  turns  on  each  limb  and  then  connect 
the  two  coils  in  parallel.  The  length  of  each  turn  will  be  43" 
=3-58  ft.  The  watts  expended  in  the  shunt=i-8i'  x  35-4=  116, 
and  those  in  the  series  winding  at  60  ampferes=CeR«xcB= 
2  X  60:=  120,  making  a  total  loss  of  236.    The  rise  of  temperature 

of  the  outside  will  now  be  _5ii^-  =23**  F.,  and  the  external  wind- 

827 

ing  may  be  taken  as  only  rising  24**  F.,  giving  an  increase  of  5  per 

cent,  in  its  resistance.  Hence  from  eq.  32  the  area  of  the  series  wire 

^'00813  X  1,760  X  3'S8  X  105^.0^69  sq.  in. : 
2  X  1,000 

and  since  there  are  to  be  two  windings  in  parallel,  the  area  of  each 
is  '01345  sq.  in.     In  order  to  allow  the  winder  a  little  room,  let 

us  take  the  available  length  of  coil  as  9 J" ;  then  S-?5='32o", 

and  after  deducting  *o2o''  for  insulation  we  obtain  aflat  strip  '300" 
X  *04S"  wound  in  one  layer  of  29  turns  on  each  limb.  Or,  if  more 
convenient,  an  open  spiral  of  round  wire  '134"  diameter  (No.  10 
B.W.G.)  may  be  wound  on  each  limb,  and  the  two  windings  con- 
nected in  parallel. 

The  question  of  whether  a  self-exciting  machine  worked  low 
down  on  the  no-current  curve  of  magnetisation  will  prove  unstable 
or  not  is  a  very  difficult  one,  and  at  present  can  only  be  empirically 
decided  by  referring  to  tests  on  previous  machines  and  noting 
approximately  at  what  portion  of  their  no-current  curves  they 
become  unstable.  A  good  method  of  doing  this  is  to  continue 
the  lower  straight  portion  of  the  curve  o  a  upwards  (fig.  183) ;  mark 
^,  the  point  at  which  the  machine  is  considered  unstable,  and  note 

the  value  of  — ;  then  a  new  machine  will  be  unstable  at  approxi- 
mately a  point  ^^  such  that  fL.s=L. .    Of  the  two  consequences  o! 
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working  low  down  on  the  curve  of  magnetisation  (alluded  to  on 
p.  336),  one,  viz.  failure  to  excite  itself  when  run  at  the  normal 
speed,  need  not  trouble  us  in  our  9"  x  12"  dynamo,  since  it  can 
always  be  excited  by  short-circuiting  the  resistance  in  the  shunt : 
when  once  excited,  the  resistance  can  be  again  inserted.  As 
regards  the  second  conse- 
quence, viz.  large  altera- 
tions in  voltage  when  the 
speed  of  the  prime  mover 
alters  slightly,  or  when 
the  current  changes,  it  can 
only  be  said  that  the  exact 
point  at  which  this  effect 
becomes  too  marked  for 
satisfactory  running  is  a 
matter    of    opinion,    and 

must  be  decided  by  circum-  'Anifm^  iumm  «a  fuld. 

stances.  ^'°"'^- 

The  design  of  an  alternator  has  still  to  be  considered,  and  for 
this  purpose  it  will  first  be  necessary  to  further  examine  the  ques- 
tion of  its  E.M.F.  So  far,  no  equation  has  been  given  for  the 
effective  E.M.F.  of  an  alternator ;  yet  it  is  the  value  of  this  which 
must  primarily  determine  its  output. 

In  a  bi-  or  multi-polar  alternator,  let  z«  =  the  number  of  lines 
which  issue  out  from  one  pole,  and,  passing  into  or  through  the 
armature  core,  form  one  field ;  then  each  inductor  cuts  z„  twice 
for  each  pair  of  poles  (the  number  of  pairs  being  reckoned  as 
explained  on  p.  145,  and  symbolised  by/),  and  therefore  in  one 
revolution  cuts  in  all  2Z^,p  lines.  If  n  =  the  number  of  revolu- 
tions per  minute,  the  time  taken  by  one  revolution  is  —  seconds. 
Hence  the  average  rate  at  which  each  inductor  cuts  lines  through- 
out an  entire  revolution  is  22^ 


.,^i.»..,.». 


If  in  each  coil  there  are  c  inductors  in  series,  and  these  are 
regarded  as  being  bunched  together  on  the  top  of  each  other,  so 
that  the  winding  has  no  appreciable  width  along  the  pitch-line,  each 
inductor  simultaneously  generates  an  E.M.F.  of  the  same  value 
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and  in  the  same  direction  round  the  coil,  and  the  average  E.M.F. 

of  the  whole  coil  is  therefore  2Z^.p,--,c.   Such  a  case  is,  however, 

oo 

impracticable,  since  the  winding  always  has  some  width  :   the 

effect,  of  this  has  been  discussed  at  length  in  Chap.  VIII.,  and 

it  was  there  shown  that  if  the  width  of  the  winding  exceeds  the 

width  of  the  gap  between  two  neighbouring  poles  of  opposite  sign, 

for  a  certain  portion  of  the  periodic  time  differential  action  will  be 

set  up  between  the  two  ends  of  the  coil.     Now  the  average  E.M.F. 

which  the  coil  would  have  on  the  supposition  that  there  is  no 

differential  action,  and  that  the  E.M.F.  of  each  inductor  assists 

the  E.M.F.  of  every  other,  is  az^ ./._-.  r,  but  the  actual  average 

DO 

E.M.F.  of  the  coil  is  less,  since  the  E.M.F.  of  some  inductors  at 
times  tends  to  neutralise  that  of  others.  The  shape  of  the  curve 
of  E.M.F.  due  to  the  combined  action  of  the  several  inductors  is 
thus  considerably  modified,  its  height  at  either  end  of  a  half-period 
being  lowered  by  the  differential  action  ;  and  the  mean  value  of  the 
curve  or  the  actual  average  E.M.F.  of  the  coil  during  a  revolution 
is  less  than  the  sum  of  the  average  E.M.F.'s  of  the  inductors.  I^t 
k'  be  the  ratio  between  the  average  E.M.F.  of  the  coil  and  the  sum 
of  the  average  E.M.F.'s  of  the  inductors,  both  averages  being  taken, 
not  merely  over  the  time  during  which  they  are  actively  cutting 
lines,  but  over  an  entire  period  or  any  number  of  complete  periods. 
Then  the  actual  average  E.M.F.  of  the  coil=^'  y  (y  being  the  sum  of 
the  average  E.M.F.'s  of  the  inductors  on  the  supposition  that  there 

is  no  differential  action)  =  ^' .  2Z4 ./.--.  ^.      In  other  words,  k 

60 

is  a  constant  which  discounts  the  effect  of  differential  action  :  its 
value  depends  on  the  relative  proportions  which  the  widths  of  the 
winding  and  field  bear  to  the  pitch,  and  while  it  cannot  exceed 
unity,  it  may  be  less. 

Now,  given  the  curve  of  combined  E.M.F.  as  affected  by  differ- 
ential action,  if  any  such  be  present,  and  squaring  its  ordinates 
for  a  complete  period,  we  can  thence  obtain  the  effective  E.M.F. 
which  is  equal  to  the  square  root  of  the  mean  square  (p.  103). 
Let  k"  ss  the  ratio  which  this  square  root  of  the  mean  square 
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bears  to  the  mean  ordinate  of  the  simple  curve  ;  then  the  effective 
E.M.F.  of  the  coil  is 

^=^'  xthe  actual  average  E.M.F. 

or  bracketing  the  numerical  coefficients  to  form  one  joint  coeffi- 
cient, k^k!'  .k',2y  the  effective  E.M.F.  of  a  coil  e=^k  ^z^.p,^-  .  c, 

60 

and  each  coil  that  is  in  series  with  it  will  give  the  same  result 
Hence,  if  j=:  the  number  of  coils  that  are  in  series,  and  q  =  the 
number  of  parallels  into  which   the  entire  winding  is  divided, 

sxc^"j  where  t  =  the  total  number  of  inductors  on  the  arma- 

ture,  and  the  effective  E.M.F.  of  the  alternator  as  a  whole  is 

Ea=>^.Z«./.i?    .T.IO-*  volts (48) 

00    g 

We  have  thus  obtained  for  the  effective  E.M.F.  an  equation 
analogous  to  our  previous  equation  for  the  E.M.F.  of  a  continuous- 
current  machine,  and  expressed  in  terms  of  the  number  of  lines 
forming  one  field,  the  total  number  of  inductors,  and  the  speed  in 
revolutions  per  minute.  It  involves,  however,  a  constant  ky  the 
numerical  value  of  which  must  be  further  determined.  Although 
this  varies  with  the  width  of  the  windings  and  fields,  and  with  the 
shape  of  the  poles  as  affecting  the  distribution  of  the  lines  (cp. 
p.  154),  yet  it  will  in  the  main  depend  on  the  relative  proportions 
of  the  coils  and  fields  as  compared  with  the  pitch  ;  and  even  here 
it  will  suffice  to  determine  certain  general  cases  to  serve  as  samples 
for  our  guidance  in  actual  practice.  To  illustrate  the  principle  of 
the  method,  the  simplest  case  will  first  be  taken;  the  single 
inductor  of  fig.  24  or  fig.  41  rotated  in  a  uniform  field  has  no  differ- 
ential action,  and  k'^^i  :  its  curve  of  E.M.F.  is  a  simple  sine 
curve  of  which  the  average  value  is  2Z11,  and  the  maximum  value 
irzn  (pp.  58,  59),  while,  further,  we  know  that  for  a  sine  curve  the 
square  root  of  the  mean  square  is  equal  to  the  square  root  of  half  the 
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square  of  its  maximum  ordinate.     Hence  the  effective  E.M.F.  is 

and  the  ratio  k" 

TTZn 

"  2zn    2>/a' 
The  coefficient  k  is  therefore 


: -_XIX2=—    =2*22. 

2>/2  V2 

From  this  case  we  turn  to  the  single  inductor  of  fig.  43  ;  again 
there  is  no  differential  action,  but  the  curve  of  E.M.F.  is  no  longer 
a  sine  curve.  If  the  fields  were  of  perfectly  uniform  density,  and 
of  width  equal  to  the  pitch,  so  that  they  changed  sign  abruptly 
(cp.  fig.  64),  we  should  obtain  two  rectangles,  each  with  length  of 

base=half  a  period,  and  height=2Za .  ^.     The  square  root  of  the 

mean  square  would  be  also  22^ .  >-,  so  that  the  average  and  effec- 
tive KM.F.'s  would  coincide,  or  i^'=i.  Hence  ^=/^' .  ^  .  2 
=  1x1x2=2.  Owing,  however,  to  the  gradual  shading  off  of  the 
lines  at  the  edges  of  the  poles,  the  comers  of  the  curve  of  E.M.F. 
would  in  practice  be  rounded  (cp.  fig.  44),  and  the  effective  E.M.F. 
actually  obtained  would  be  somewhat  less  than  the  above  theo- 
retical value. 

Let  us  now  pass  to  the  consideration  of  a  coil  of  many  turns, 
and  in  the  first  place  let  us  suppose  the  width  of  winding  and  the 

width  of  field  to  be  both 
V01.T8  I—,  equal  to  half  the  pitch 

(fig.  70).  There  is  still 
no  differential  action,  but 
the  combined  E.M.F.  of 
the  coil  gradually  rises 
and  falls  as  the  inductors 
pass  under  or  recede  from 
a  pole  (fig.  67).  A  simple  approximate  method  of  treating  such  a 
case  will  be  to  divide  each  half-period  into  a  number  of  portions 


t^ 


Fi&  184.— Width  of  winding  and  field  each 
-half  the  pitch. 
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so  small  that  the  E.M.F.  may  be  regarded  as  constant  in  value 
during  each  small  portion.  Let  the  length  o  m  (fig.  184)  represent 
half  a  period  divided  inte  2^  portions,  each  of  length  =jp,  and  let 
the  height,  >>,  of  each  small  rectangle  represent  the  E.M.F.  due  to 
one  inductor  when  cutting  the  lines  of  the  field.  The  number  of 
inductors  actually  cutting  the  field  rises  from  nought  at  end  o  to 
a  maximum  c  at  the  centre  when  the  whole  coil  is  under  a  pole, 
and  thence  falls  to  nought  at  m.  The  curve  of  instantaneous 
E.M.F.  may  thus  be  divided  into  a  series  of  steps,  the  number  of 
small  rectangles  piled  one  above  the  other  at  each  portion  of 
time  being  equal  to  the  number  of  inductors  that  are  in  action. 
The  total  number  of  rectangles,  each  of  area  xy^  in  the  half-period 
=^*,  and  the  average  E.M.F.  of  the  coil 

_  total  area  ^  ^xy  c 

*"  length  dm""  2^ .  jc  ""  -^ '  2' 

In  order  to  determine  the  effective  E.M.F.  it  will  be  necessary 
to  obtain  a  second  curve  by  squaring  the  ordinates  of  the  first,  and 
thence  to  find  the  square  root  of  the  mean  square.  This  second 
curve  will  be  similarly  divided  into  steps,  but  the  height  of  each 
step  will  be  equal  to  the  square  of  the  height  of  the  former  steps. 
The  total  area  will  therefore  be 

jcy  +  :c.4y*+:r.Q)^^+  . . .  -Yx.c^y^ 

=;cy  [1+4  +  9+  ..•  +^+{1+4  +  9+  •.•  +  (^-i)*}]- 

The  two  series  are  respectively  the  sums  of  the  first  c  natural 
numbers  and  the  first  (^— i)  natural  numbers;  hence,  by  the 
ordinary  algebraical  formulae  for  the  summation  of  these  series, 
the  total  area 

=:cy  /  'M^.  .0  (2C^l)^(c^i)€.{2C-x)  1 


The  mean  square 


3 


2CX  * 
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and  thence  the  square  root  of  the  mean  square 

\/2.  >/3  ■ 

The  ratio  ^^^i^|:M^.  ^3  therefore 
average  E.M.F. 

.„        >/2.  >/3        n/2.n/2^2+I 

^    =  = -, • 

^'7 


Now  when  c  is  made  large,  the  term   >/2^*+ 1   becomes  sensibly 
equal  to  n/I?,  or  the  larger  r,  the  more  nearly  the  approximation 

of  y^"*o  _?-=i'i55-      Hence    the   coefficient   k^k"  .  kf  .  2=^ 
v3 

4-  X I  X 2=  -^,  and,  with  a  close  degree  of  accuracy,  the  effec- 
>/3  n/3 

rive  E.M.F.  of  the  coil  is  2*3  z„ .  J^  .  c.     It  will  be  seen  that  in  the 

60 

alK)ve  case,  which   is  the  one  of  most  frequent  occurrence  in 

practice,  the  value  of  k  is 
not  very  different  from 
that  for  a  simple  inductor 
giving  a  true  sine  curve, 
and  the  accuracy  of  this 
may  be  verified  by  exam- 
ining the  combined  curve 
of  fig.  67,  which  bears  a 
close  resemblance  to  a 
**    sine  curve. 

It  remains  to  consider 
a  case  in  which  differential 
action  comes  into  play; 
and  to  illustrate  this  let 

Fig.  185.— Width  of  winding  and  field  each^pitch.  ^  ^  .^'jj-U  «r  a^^A 

us  assume  a  width  of  field 
and  winding  each  equal  to  the  pitch  (fig.  62).  In  the  ring-wound 
coil  A  let  there  be  c  inductors,  and  let  the  length  o  m,  representing 
half  a  period  (fig.  185),  be  divided  into  2c  portions,  each  of  length 
X.     If  the  coil  be  supposed  at  o  to  be  moving  half  under  the  one 
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pole  and  half  under  the  other,  the  £.M.F.  induced  in  the  two 
halves  is  in  opposite  directions,  which  may  be  represented  by 

plotting  -  rectangles  above,  and  the  same  number  of  rectangles 
2 

below  the  horizontal  axis ;  as  the  coil  moves  forward,  the  number 

of  inductors  under  the  one  pole  increases  to  a  maximum,  r,  and 

thence  falls  to  -.    The  total  number  of  rectangles,  each  of  area  ocy^ 

2 

in  the  half-period  is  ^  x  2^=20*,  and  the  average  E.M.F.  of  the  coil 
on  the  supposition  that  there  is  no  differential  action  is    <-- —  i=y .  c . 

But  the  actual  average  E.M.F.  of  the  coil  is  less  than  this,  and  its 
value  may  be  obtained  by  deducting  from  the  heights  of  each 
series  of  rectangles  the  height  of  the  rectangles  below  the  horizontal 
axis,  as  in  fig.  185,  where  the  amount  to  be  subtracted  is  indicated 
by  the  shading.  It  will  now  be  seen  that  the  sum  of  the  areas  of 
the  rectangles  free  from  shading  is 

jc>(i  +  2+3+...  +<:+(<:-!)+...  +3+2  +  0 
=^{f(r+i)+f(r.i)} 

XV  c^       e 
and  the  actual  average  E.M.F.  =  ^^ — =V-. 

2CX  2 

Hence  the  ratio  between  the  average  E.M.F.  of  the  coil  and  the 
sum  of  the  average  E.M.F.'s  of  the  inductors  is 

2    Qj.^_I 

yc  '  2' 

The  effective  E.M.F.  is  again  obtained  by  squaring  the  ordinates 
of  the  curve  of  actual  average  E.M.F.,  and  taking  the  square  root  of 
the  mean  square.  The  total  area  of  the  derived  curve  will  be,  as  in 
the  last  case, 

JeyMi  +  4+9+-'-  +^+(^-1)^+... +9  +  4+1); 
thence  the  eflfective  E.M.F.  is 

y,  s/ 2^^4-1 
>/2.>/3  ' 

and  by  the  same  steps  as  before  we  arrive  at  ^'=s  -^.     The  joint 
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coefficient  is  therefore  Jk=~  x  -  x  2= -4-  =  1*155,  or  exactly  half 
V  3     2  V3 

the  value  that  it  had  in  the  last  case. 

The  same  approximate  method  is  easily  applied  to  other  cases 

in  which  there  is  differential  action.    Thus,  if  a  coil  of  c  inductors, 

having  a  width  of  wind- 
ing equal  to  half  the 
pitch,  be  rotated  between 
fields  of  width  equal 
0  M    to  the  pitch,  and  o  m  be 

divided  into  4c  portions, 
of  the  same  length,  x,  as 

Fig.  i86. -Width  of  winding=half  the  pitch,  in  the  Ust  CaSC,  WC  ob- 

width  of  ficld=pitch.  ^.^  ^^^  ^^^  ^^  ^^    ^^ 

The  average  E.M.F.,  if  diflferential  action  be  supposed  absent,  is 
y.Cy  while  the  actual  average  E.M.F.  is 

-^1 1  +  2  +  3+ ••. +^+2^^+(^~i)+ ••• +3  +  2  +  1 1 

^'4' 

whence  ^=^. 

4 
The  area  of  the  curve  obtained  from  the  actual  E.M.F.  curve 
when  its  ordinates  are  squared  is 

^y  [1+4  +  9+  . ..  +^  +  2^+(^-i)2+  ...  +9  +  4+1] 

and  the  effective  E.M.F.  is  therefore 

>/8?+l 
2>/3 
which  may  be  taken  as  very  approximately  equal  to 


Thence 


2£n/2  _         Cy/2 

i>/^=      >/3  =  4V2 
y.y      3>/3' 
4 
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and  ;&=  ^-^  X  1  X2  =  ?^=  1-635. 

The  results  thus  obtained,  together  with  other  values  of  k 
under  different  conditions,*  may  be  tabulated  as  below  : — 

(i)  Width  of  each  pole  equal  to  pitch,  toothed  armature  and  winding  concen- 
trated in  the  recesses ^s2'00 

(2)  Width  of  each  pole  equal  to  pitch,  smooth  armature  and  width  of  winding 

in  each  coil  equal  to  pitch k^^  1  '155 

(3)  Width  of  each  pole  equal  to  pitch,  smooth  armature  and  width  of  winding 

in  each  coil  equal  to  half  the  pitch ^  »=  i  '635 

(4)  Width  of  each  pole  equal  to  half  the  pitch,  smooth  armature  and  width  of 

winding  in  each  coil  equal  to  pitch ^  =  i  '635 

(5)  Width  of  each  pole  equal  to  half  the  pitch,  smooth  armature  and  width  of 

winding  in  each  coil  equal  to  half  the  pitch         .        .         .      ^  =  2*3 

(6)  Width  of  each  pole  equal  to  one-third  of  the  pitch,  smooth  armature  with 

width  of  winding  in  each  coil  equal  to  one-third  of  pitch      .       >&  =  2  '83 

In  all  cases  the  coefficients  may  require  in  practice  to  be 
slightly  modified,  owing  to  the  effect  of  the  cross-ampbre-turns  of 
the  armature  in  altering  the  actual  distribution  of  the  lines.* 

The  above  equation  for  the  E.M.F.  of  an  alternator  and  the 
above  values  of  k  are  equally  applicable  to  unipolar  ring  or  dis- 
coidal  alternators,/  being  reckoned  as  explained  on  p.  159  :  the 
ring  or  discoidal  armature  of  fig.  77  will  give  a  curve  of  E.M.F. 
exactly  analogous  to  the  curves  of  the  corresponding  armatures  of 
fig.  71,  and  the  average  and  effective  E.M.F. 's  will  bear  the  same 
relation  to  each  other  in  the  two  cases.  In  deducing  the  average 
E.M.F.  of  the  unipolar  ring,  it  is  indifferent  whether  we  make  t 
equal  to  the  total  number  of  wires  that  act  as  inductors  at  different 
times,  i.e.  to  twice  the  number  of  loops  (since  both  sides  of  each 
loop  cut  lines  at  different  times),  or  equal  to  the  number  of  loops ; 
in  the  former  case,  each  wire  cuts  z^  .f  lines  in  each  revolution, 
in  the  latter  case,  each  loop  cuts  2Z« ./  lines  :  by  either  method  we 
arrive  at  the  same  average  E.M.F.   It  is,  however,  simplest  to  make 

»  Extracted  from  Mr.  Kapp*s  paper  on  'Alternate-current  Machinery,* 
Proc.  Inst,  C,E,  February  19,  1889,  vol.  xcvii.  part  iii.,  to  which  the  authors 
are  largely  indebted  for  the  substance  of  the  preceding  pages. 

'  Cp.  the  remarks  of  Prof.  Elihu  Thomson  read  in  the  discussion  of  the 
above-mentioned  paper  of  Mr.  Kapp. 
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T  =  the  number  of  loops  just  as  in  the  multipolar  ring,  so  that 
the  average  E.M.F.,  when  differential  action  is  supposed  absent,  is 

2Z«./.^  .  -,  and  the  effective  E.M.F.  is  ^.z../.   ^.  '^.  iq-' 
^    60     ^  ^     60    ^ 

volts.  In  the  case  of  discoidal  armatures,  it  might  seem  at  first 
sight  as  if  the  unipolar  alternator  would  only  give  half  the  voltage 
of  the  corresponding  multipolar  machine,  since  the  area  of  pole- 
face  is  halved  :  this  difference  of  area,  however,  is  to  a  considerable 
extent  counterbalanced  by  the  lesser  magnetic  leakage  in  the  uni- 
polar machine,  so  that  for  the  same  exciting  power  z«  need  not 
be  very  greatly  different  in  the  two  cases.  Lastly,  in  the  unipolar 
disc  machine,  if  t  =  the  number  of  radial  wires  which  act  as 
inductors  at  different  times,  then,  as  in  the  multipolar  machine, 
each  wire  in  one  revolution  cuts  z^  ./lines,  where/  is  the  number 
of  fields  or  of  poles  on  one  side  of  the  armature  (p.  164),  and 

the  average  E.M.F.  is  only  z^./.  ,    .  -  :  the  two  disc  armatures 

60  ^ 

of  figs.  77  and  71  will  give  exactly  analogous  curves,  and  there- 
fore the  effective  E.M.F.  of  the  unipolar  disc  is  ^"  .  ^' .  z« ./ .  i?^ .  I, 

60  ^' 

or  ^ .  z- .  / .  -^  .  —   :  k  has  here  the  same  values  as  before  for  similar 

relative  widths  of  field  and  winding,  but  it  must  be  remembered 
that  in  two  similar  machines,  the  one  unipolar  and  the  other 
multipolar,  the  pitch  of  the  unipolar  disc  is  twice  as  great  as  that 
of  the  multipolar  (pp.  162-164),  and  therefore  the  analogous  case 
to,  e,g.  (5)  in  our  table,  js  for  the  unipolar  machine,  width  of  field 
and  of  winding  each  equal  to  one  quarter  of  the  pitch.  Thus  for 
the  same  values  of  /,  t,  and  z^,  the  E.M.F.  of  the  unipolar  alter 
nator  is  only  half  that  of  the  multipolar.  Again,  however,  owing 
to  the  absence  of  leakage,  z«  may  be  considerably  greater,  for  the 
same  area  of  pole,  in  the  unipolar  than  in  the  multipolar  machine, 
so  that  their  effective  E.M.F. 's  remain  more  nearly  the  same 
(cp.  p.  164). 

Suppose  that  it  is  required  to  design  a  multipolar  machine  of 
the  discoidal-ring  type  (fig.  74)  for  an  output  of  2,100  volts  and 
30  ampferes  with  a  frequency  of  80  '^  per  sec.  when  running  at 
600  revolutions  per  minute.    To  give  the  required  frequency  the 
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number    of  poles    on    each    side  of   the    armature    must  be 

p=  ^^  '^^  =  16  (p.  145).     An  even  number  of  poles  is  in  all 
600 

cases  a  necessity,  and  hence  if  the  equation  does  not  immediately 

work  out  to  an  even  number,  as  above,  either  the  speed  or  the 

frequency  must  be  altered  to  suit  the  case.    The  core  will  be  of 

soft  band-iron  wound  upon  a  central  wheel  with   thin  paper 

insulation  between  the  layers.    The  diameter  of  the  rim  of  the 

wheel  must  be  fixed  by  the  judgment  of  the  designer,  and  in 

default  of  other  machines  as  a  guide,  the  best  proportions  can 

only  be  determined  by  designing  several  machines  for  the  same 

output  but  differing  in  their  dimensions,  and  thence  selecting  the 

one  that  is  most  economical.     In  the  present  case  we  assume  the 

wheel  to  be  34"  in  external  diameter,  and  the  core  to  be  8  J"  in 

radial  depth,  and  2\"  wide.    The  circumferential  speed  of  the 

finished  armature  will  then  be  slightly  over  8,000  feet  per  minute 

(p.  257).    The  gross  sectional  area  of  the  core  =  137  sq.  cm., 

and  allowing  15  per  cent,  for  insulation  between  the  layers,  the 

net  area  of  iron  =  116  sq.  cm.     Each  pair  of  opposing  poles 

forms  in  reality  one  polar  surface,  and  the  lines  z^  which  enter  into 

the  core  from  them  bifurcate  into  two  groups,  which  pass  in 

opposite  directions  on  to  the  neighbouring  poles ;  hence,  just  as 

in  a  bipolar  machine,  Za=B«X2a^,  and  allowing  5,100  lines  per 

sq.  .cm.  as  a  good  working  induction  for  the  armature  core,  we 

obtain  24=5,100x2x116=1,183,000. 

From   eq.  47,  if  all  the  coils  are  in  series,  t=s^;^'^  ^  ^ 

The  loss  of  volts  in  the  armature  should  not  be  more  than 
about  3  per  cent.,  so  that  £^=2,163  ;  the  width  of  each  field  and 
each  armature  coil  will  be  made  equal  to  half  the  pitch,  whence 

by  the  table  of  p.  491,  ^=2*3,  while /=  ?=8; 

2 

.-.  T= »£63Xio«x6o 

2-3x1,183,000x600x8      ' 

say  992,  giving  62  turns  per  coil.  The  diameter  of  the  pitch-line  is 
34"+8i"=42i".  and  the  pitch  =^^*^'S"^s-3",  so  that  the 

K  K 
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width  of  the  coil  should  be  4' 15".  Allowing  "15''  for  a  little  play  in 
the  winding,  the  diameter  of  the  insulated  wire,  if  the  coil  is  in  one 

layer,  may  be^=s'o64",  or  '044"  round  wire  dec.  with  a  thick- 
62 

ness  of  20  mils.  The  length  of  each  turn  round  the  armature  core, 
allowing  for  easy  bends  on  the  outer  and  inner  rims,  may  be  esti- 
mated as  26"  ;  whence  the  total  length  of  the  993  tum8=2,i5o  ft. 
The  resistance  of  1,000  feet  of  •044"  diameter  wire  of  100  per 
cent,  conductivity  being  5*33  ohms  at  60®  F.,  and  the  whole 
number  of  turns  being  in  series,  r^ssi  1*5  at  60^  F.  In  machines 
of  the  present  type,  owing  to  the  high  circumferential  speed  and 
excellent  cooling  action  of  the  currents  of  air  set  up  by  the 
revolving  armature  (p.  404),  the  heating  is  very  much  less  than  in 
2-pole  continuous-current  machines,  having  the  same  ratio  ot 
watts  wasted  to  cooling  sur^Eice  of  armature,  and  it  wiU  be 
sufficient  to  allow  6  per  cent,  for  the  rise  in  resistance  due  to 
heating :  hence  r«  hot  =ii'5  x  i'o6=i2-2  ohms,  and  the  loss  of 
volts  is  1 2  '2  X  30  =s  366.   This  is  far  too  great  a  loss,  and  two  layers  of 

armature  wire  must  be  adopted ;  3_=»i29"  will  permit  us  to  use 

•109"  diameter  wire  d.c.c.  to  •129"  ;  r«  hot  now  works  out  to  1-98 
ohms,  and  the  loss  of  volts  to,  say,  60. 

The  next  step  must  be  the  determination  of  the  ampere-turns 
required  on  the  field-magnet,  and,  as  explained  on  p.  314,  it  is 
convenient  to  consider  a  single  pair  of  poles  on  one  side  of  the 
ring,  and  then  to  multiply  our  result  by  the  total  number  of 
pairs. 

The  length  of  path  in  the  armature  core  is  about  7",  say 
1 8  cm.,  and  the  induction  being  5,100,  we  have,  from  the  curve  of 
fig.  Ill,  x«=2X  18=36. 

In  calculating  /^,  it  will  be  well  to  allow  a  clearance  of  '25" 
between  the  winding  and  the  pole-face,  and  for  the  insulation 
between  the  core  and  the  winding  on  each  side  of  the  armature  a 
thickness  of  about  115  mils.;  hence  /^  =  '25"+ (2X'i29") 
-f  ii5"=5'62S".  Since  the  pole-faces  are  small,  the  fringe  of  lines 
surrounding  them  forms  a  greater  proportion  of  the  area  of  the 
field  than  it  does  in  the  case  of  the  continuous-current  machine, 
and  therefore,  to  be  on  the  safe  side,  it  will  be  advisable  to  take 
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its  width'  as  being  only  equal  to  *4/«  ^  round  the  pole-face,  i.e. 
•4  X  •62S='25".  The  required  width  of  pole-fece  is  thus  equal  to 
half  the  pitch  —  twice  the  width  of  fringe  =  4-15  —  •5=3*65",  say 
3I",  and  its  length  to  S's"-  •5"=8".  The  joint  area  of  the  two 
polar  gaps  is   thus   2x8*5x4*15   sq.   in.  =453  sq.  cm.,  and 

B^=i>il?i???=2,6io,  whence  x,=*8.b^.  2/^=*8x 2,610x3*18 

=6,640. 

For  predetermining  the  value  of  the  back  ampfere-tums  in 
the  case  of  an  alternator,  a  convenient  and  exact  formula  is  still 
wanting;  in  the  present  case,  however,  they  will  be  about  1,000. 
.•.x,=36  + 6,640+ 1,000=7,676. 

The  leakage  permeance  for  a  pair  of  magnet-cores  may  be 
calculated  by  the  methods  of  pp.  300,  304,  and  will  be  found  to 
be  about  35.    Therefore 

i=  I -256  X  7,676  X  35=336,000 

and  -+i=59i>Soo+ 336,000=927,500. 

2 

The  alternator  will  be  separately  excited,  and  consequendy  the 
question  of  the  stability  of  the  magnetism  does  not  arise.  Hence, 
to  determine  the  best  value  for  the  induction  in  the  magnet-cores 
and  yoke-ring,  and  the  best  length  of  coil,  recourse  must  be  bad 
to  the  method  of  trial  and  error,  so  as  to  discover  what  pro- 
portions lead  to  a  minimum  cost  of  magnet  iron  and  field  copper. 
Suppose  that  in  this  case  we  take  Bbi=  14,000 ;  then  the  area  of  each 

core=^^^'^^^=66*2  sq.  cm.  :  this  on  the  assumption  of  round 
14,000 

magnet-cores  gives  a  diameter  of  almost  exactly  3I",  a  con- 
venient dimension,  since  it  coincides  with  the  width  of  the  pole- 

>  Strictly  speaking,  the  width  of  fringe  depends  on  the  exact  shape  of  the 
pole-piece,  &c,  and  can  only  roughly  be  fixed  as  a  certain  fraction  of  Ig,  It  is 
here  assumed  to  be  less  than  in  the  continuous-current  machine  of  p.  297  ;  in 
the  latter  any  fringe  is  fully  effective  in  producing  £.  M.  F. ,  but  in  an  alternator, 
after  a  certain  width,  the  extremely  weak  field  beyond  will  probably  give  rise 
to  differential  action  between  the  two  ends  of  the  coil.  Further,  if  the 
exciting  power  be  slightly  overestimated,  the  error  is  easily  remedied  by 
slightly  increasing  the  resistance  of  the  rheostat  which  forms  a  necessary 
adjunct  to  the  field -magnet  circuit 

KK2 
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piece.  Taking  the  length  of  coil  as  6^",  and  adding  |"  at  either 
end  for  insulation,  the  length  of  path  in  the  pair  of  cores  is 
2  X  7"=35-5  cm.,  and  therefore,  by  fig.  in, 

x«=  17x35-5=602. 

The  length  of  path  in  the  cast-iron  yoke-ring  will  be  about 
7|"=i9'6  cm.,  and  allowing  a  density  of  5,500,  the  sectional 

area  will    be  9^7>5QQ  ^  5,500=884*4  sq.  cm.,   say    2j"x5i"; 

2 
whence 

x,=  i9X  19-6=372, 

and  AT  for  one  pair  of  magnet  cores=7,676 +602 +  372=8,650. 
The  exciting  E.M.F.  may  be  chosen  arbitrarily,  say  100  volts,  but 
the  loss  in  the  field  should  not  exceed  2\  per  cent  of  the  output 
=  1,500  watts.  The  field  winding  may  then  be  worked  out  by 
the  formulae  of  p.  319,  the  values  of  e«  for  one  pair  of  coils  being 

1^=6-25  (since  each  pair  has  to  provide  8,650  amp^re-tums) 
16 

of  the  heating  constant  1*09,  and  of  the  mean  length  of  a  turn, 

4=i6"=i*33  ft.    The  resistance  of  1,000  ft  of  the  required 

wire  is 

,         625  X  1,000  ..^^, 


8,650  X  1*33  X  1-09 


whence  its  diameter  must  be  -144"  d.c.c.  to  '159". 

Assuming  eight  layers  of  forty  turns  each,  we  arrive  at  640 
turns  on  each  pair  of  coils,  giving  a  total  resistance  wheii  warm  of 
7-4  ohms,  and  an  exciting  current  through  all  the  coils  in  series 

of  -r  =13*5  amperes.     The  rate  of  expenditure  of  energy  in  the 

field,  viz.  1,350  watts,  is  therefore  within  our  limit,  and  ample 
cooling  surface  is  provided.  It  is  important  to  make  sure  that  the 
depth  of  winding  is  not  so  great  as  to  block  the  space  between  two 
adjacent  cores,  and  in  the  present  machine  there  will  be  fouiid  to 
be  plenty  of  clearance. 

As  far  as  the  authors  are  aware,  no  reliable  formulae  for  pre- 
determining the  rise  of  temperature  of  the  armature  have  been 
published  for  any  class  of  alternator.     In  the  discoidal  machine 
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designed  above,  the  rise  would  probably  not  exceed  35°  F. ;  hence 
the  output  is  not  limited  by  the  heating,  but  by  the  questions  of 
efficiency  and  reaction  of  the  armature  current  on  the  field.  The 
latter  can  be  balanced  by  increasing  the  field-excitation,  but  if 
with  constant  excitation  the  drop  of  the  characteristic  curve,  due 
to  the  loss  of  volts  in  the  armature  and  the  demagnetising-  effect 
of  the  back  ampbre-turns,  becomes  too  marked,  the  machine 
becomes  unsatisfactory  from  the  point  of  view  of  the  central- 
station  engineer. 

The  method  of  testing  the  eddy-current  loss  in  a  continuous- 
current  machine,  alluded  to  on  p.  408,  may  here  be  introduced  as 
bearing  directly  on  the  design  of  dynamos.  It  consists  in  running 
the  machine  as  a  motor  without  load  at  various  speeds,  and  noting 
the  current  through  its  armature,  the  E.M.F.  applied  to  it,  and 
the  speed,  the  excitation  being  kept  constant  at  the  desired  value 
throughout  the  test.  The  motor  is  not  considered  in  the  present 
work,*  but  it  is  here  necessary  to  state  that  the  power  absorbed  by 
a  motor  (exclusive  of  field-excitation  and  loss  over  armature  resist- 
ance)=(E,— CaRa)Cai  where  ^,=E.M.F.  impressed  on  the  motor 
armature,  €«  =  the  current  through  it,  and  r^  =  its  resistance. 
When  the  motor  is  running  light,  c^  is  very  small,  and  with  a  fairly 
large  armature  of  low  resistance,  CaRa  is  practically  negligible  as 
compared  with  e^;  i.e.  the  back  E.M.F.  of  the  motor  is  closely 
equal  to  the  E.M.F.  impressed  on  it.    In  a  motor,  as  in  a  dynamo, 

the  E.M.F.  induced  in  the  armature  =2^ .  t,  j^  x  lo"^  volts ;  and 

00 

since  z^  is  in  our  case  constant,  it  follows  that  the  speed  is  pro- 
portional to  the  E.M.F.  impressed  on  the  armature. 

Now  the  losses  in  hysteresis  and  mechanical  friction  are 
simply  proportional  to  the  speed,  while  the  eddy-current  loss  is 
proportional  to  the  square  of  the  speed  (p.  408)  ;  hence  the  total 
power  absorbed  by  the  motor  may  be  divided  into  two  portions, 
viz.  the  watts  spent  in  hysteresis  and  friction  =s  hn,  and  those 
spent  in  eddies  =sf  .  n^,  where  n  =  speed  in  revolutions  per 
minute,  and  h  and  f  are  two  constants  for  the  machine  with  a 
given  excitation.    If,  therefore,  the  speed  of  the  motor  is  increased, 

?  See  G.  Kapp,  Electric  Transmission  of  Energy  (Whittaker  &  Co.). 
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so  also  are  the  watts  lost  in  hysteresis  and  friction ;  but,  as  we 
have  said,  the  back  E.M.F.  of  the  armature  is  increased  in  equal 
proportion.  Hence,  if  we  mentally  regard  c«  as  split  up  into  two 
portions,  one  of  which  is  employed  in  overcoming  the  hysteresis 
and  friction,  and  the  other  in  overcoming  the  eddy-currents,  the 
^-alue  of  the  former  portion  must  remain  constant  in  order  that  its 

product  with  the  back 
E.  M.F.  may  vary  simply 
as  the  speed,  and  the 
curve  showing  its  rela- 
tion to  the  speed  will 
be  a  horizontal  stiaight 
line  at  some  height 
above  the  horizontal 
axis,  as  shown  at  a  c  in 
fig.  187.  On  the  other 
hand,  as  the  speed  is 
increased,  and  the  watts 
lost  in  eddy  -  currents 
increase  as  the  square 
of  the  speed,  the  por- 
tion of  Ca  which  is  spent  in  overcoming  the  eddies  must  itself 
increase  equally  with  the  speed,  in  order  that  its  product  with 
the  back  E.M.F.  may  vary  as  the  square  of  the  speed.  Hence 
the  curve  showing  the  relation  of  this  second  portion  of  p.  to  the 
speed  must  be  a  straight  line  inclined  at  some  angle  to  the  hori- 
zontal axis,  as  OD.  Adding  together  the  ordinates  of  the  two 
curves  a  c  and  o  d  for  each  abscissa,  we  obtain  a  third  curve,  a  b, 
which  represents  the  total  current  through  the  armature  :  this  will 
start  from  a  and  rise  in  an  inclined  straight  line ;  and  such  is  the 
actual  form  of  curve  obtained  from  an  ordinarily  good  machine 
when  tested  in  the  manner  described.  If,  therefore,  we  experi- 
mentally determine  a  b  and  draw  a  c  parallel  to  the  horizontal  axis, 
we  can  deduce  the  required  values  of  the  constants  f  and  h.  To 
obtain  the  power  in  watts  absorbed  at  any  point  of  the  curve,  it  is 
only  necessary  to  multiply  the  abscissa  (in  volts)  by  the  corre- 
sponding ordinate  :  thus  for  the  point  £  the  total  watts  absorbed 
aso  F  X  F  B,  and  of  these  the  watts  absorbed  by  hysteresis  and 


Kcvs.  per  min, 
or  E,M,F.  sufiplud  to  at 


Fig.  187.— Separation  of  hysteresis  and  friction  from 
eddy>current  losses. 
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friction  are  Wh  =  o  f  x  f  g,  and  the  watts  absorbed  by  eddy- 
currents,  w,=OFXGE.     Thence  h=^,  and  f  =  ^,  where  n. 

is  the  speed  corresponding  to  o  f  volts.  ^ 

The  above  method,  as  it  stands,  is  not  applicable  to  alternators, 
since  when  an  alternator  is  running  as  a  motor  without  load  the 
current  and  E.M.F.  are  not  in  the  same  phase,  and  consequently 
their  product  does  not  by  itself  represent  the  true  power  supplied 
to  the  motor. 

The  *  commercial  efficiency '  of  a  dynamo,  or  the  ratio — 
power  supplied  from  the  terminals  of  the  d3mamo  to  the  external  circuit 
power  giyen  to  the  shaft  of  dynamo  by  the  prime  mover  (engine  or  belt  &c. ) 

may  be  determined  by  adding  the  various  losses  in  field,  armature, 
and  friction  to  the  output,  and  dividing  the  output  by  the  sum  of 
output  +  losses.  In  the  case  of  continuous-current  machines,  since 
the  constants  f  and  h  may  be  somewhat  greater  at  full  load  than 
at  no  load,  the  efficiency  thus  found  may  prove  slightly  too  high, 
the  true  commercial  efficiency  at  full  load  being  perhaps  i  or 
a  per  cent.  less.  There  are,  however,  various  ways  of  measuring 
the  commercial  efficiency  more  directly.  In  cases  where  the 
dynamo  is  coupled  directly  to  the  engine,  the  power  indicated  in 
the  engine  cylinders,  less  the  portion  of  this  power  which  is  wasted 
in  the  engine  itself,  gives  the  brake  horse-power  supplied  to  the 
dynamo ;  the  results,  however,  of  such  a  method  of  calculation  can- 
not be  regarded  as  absolutely  accurate,  owing  to  the  difficulty  of 
ascertaining  the  exact  value  of  the  waste  in  the  engine.  Another 
method  is  to  transmit  the  power  from  the  prime  mover  to  the 
dynamo  through  a  transmission  dynamometer  which  registers  the 
power  passing  through  it ;  unfortunately,  such  a  dynamometer 
when  of  large  size  is  both  costly  and  difficult  to  manage,  and, 
further,  does  not  admit  of  very  accurate  readings  being  obtained 
from  it  A  much  more  exact  method  is  that  due  to  Dr.  Hopkin- 
son,'  by  which  two  similar  machines  are  so  coupled  together  that 

>  For  certain  cautions  as  to  the  application  of  these  values  in  designing 
armatures,  vide  pp.  408,  409. 

'  A  description  of  this  method  is  to  be  found  in  Dr.  Hopkinson's  paper  on 
<  Dynamo  electric  Machinery/ /'^f'/.  Trans,  1886,  reprinted  among  his  OnSg^'na/ 
Papers  on  Dyfiamo  Machinery  (Whittaker  and  Co.),  p.  112,  ff. 
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the  one  acts  as  a  motor  driving  the  other  as  a  dynamo.  The  output 
from  the  latter,  being  returned  to  the  armature  of  the  motor,  sup- 
plies the  greater  part  of  the  power  required  to  drive  it ;  and  it  is 
thus  only  necessary  to  supply  to  the  motor  from  some  external 
source  the  amount  of  power  expended  in  the  losses  within  the  two 
machines.  As  this  is  but  a  small  fraction  of  the  total  power  deve- 
loped, it  \&  more  easily  measured  on  a  transmission  dynamometer, 
and  even  a  large  error  in  its  determination,  since  it  only  affects 
the  comparatively  small  item  of  the  waste  power,  produces  but 
slight  error  in  the  result.  The  only  objection  to  the  method  is 
that  it  requires  two  machines  of  exactly  similar  size  and  output. 
These  are  driven  at  their  normal  speed  and  approximately  at  their 
nonnal  voltage ;  the  field  of  one,  m,  is,  however,  slightly  weakened 
by  a  rheostat  in  its  magnet  circuit,  so  that  its  internal  E.M.F. 
(Ej)  is  less  than  the  terminal  E.M.F.  (e,)  of  the  other  machine  (d)  ; 
hence  d  sends  a  current  through  m  as  a  motor,  and  by  means  of 
the  rheostat  the  amount  of  this  current  is  regulated  until  it  corre- 
sponds to  the  normal  armature  current  of  either  machine.  Let  w 
=  the  total  power  in  watts  supplied  from  an  external  source  to 
the  motor  armature,  and  c=the  dynamo  armature  current  which 
is  also  passed  through  the  motor  armature,  the  fields  of  both  being 
separately  excited.  Neglecting  the  loss  over  the  connecting  leads, 
which  can  be  made  as  small  as  we  please,  if  we  deduct  from  w  the 
losses  in  the  armature  resistances  of  d  and  m,  the  remainder, 
w— c^(RaD+RaM)  is  the  totalloss  by  eddy-currents,  hysteresis, and 
friction  in  the  two  armatures.  The  field  of  the  one  is  slightly 
stronger  than  that  of  the  other,  but  if  the  E.M.F.  of  d  is  made 
slightly  greater,  and  the  E.M.F.  of  m  is  slightly  less  than  the 
normal  voltage  of  either  machine,  the  error  will  be  very  slight  if 
we  assume  this  loss  to  be  equally  divided  between  the  two.     Let 

then  the  commercial  efficiency  of  the  dynamo  is 
EiC 


EiC  +  cXd  +  -+E/iC,, 


(49) 
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£/iC/i  being  the  watts  expended  in  magnetising  the  field  of  the 
dynamo.  Where  it  is  not  necessary  to  obtain  such  great  accuracy, 
part  of  the  armature  current  of  the  dynamo,  d^,  may  also  be  used  to 
excite  the  field- magnets  of  both  machines ;  in  this  case,  assuming 
the  machines  to  be  shunt-wound,  if  Ci  =  the  sum  of  the  currents 
Can  and  Cgjg  supplied  respectively  to  the  armature  and  field  of  the 
motor,  the  efficiency  of  the  dynamo  is 

SS_ (so) 

EiCi+CflDRaDH — KEi^id 

2 

where  i-=w-ci,Rap-c*,R««-Ei(r,o+^,M). 

It  is  convenient  in  carrying  out  these  tests  to  couple  the  two 
shafts  of  motor  and  dynamo  rigidly  together,  in  one  line ;  but 
it  should  be  remarked  that  when  this  is  done  in  the  case  of  belt- 
driven  machines,  the  loss  by  friction  in  the  bearings  does  not 
reach  its  normal  amount,  since  the  pull  of  the  belt  corresponds  to 
the  transmission  of  but  a  small  fraction  of  the  normal  power.  On 
the  other  hand,  when  the  motor  and  dynamo  are  coupled  together 
by  belt,  an  extraneous  loss  of  power  in  bending  the  belt  is  intro- 
duced. 

A  further  improvement  of  the  above  method  consists  in  the 
use  of  a  third  dynamo  as  the  external  source  whence  the  waste  of 
energy  in  the  system  is  supplied.  This  auxiliary  dynamo  need  be 
of  but  small  size,  and  may  be  coupled  either  in  series  witli  the  two 
machines  which  are  to  be  tested,  or  preferably  in  parallel  with  the 
dynamo.*  When  the  method  is  thus  modified,  all  the  measure- 
ments can  be  made  electrically  by  one  voltmeter  and  one 
ammeter,  and  further,  as  regards  the  efficiency  of  the  two  armatures, 
great  accuracy  in  the  calibration  of  the  instruments  is  not  a  matter 
of  vital  importance. 

1  For  a  fuU  description  of  these  two  methods,  see  a  paper  by  G.  Kapp 
on  *  The  Determination  of  the  Efficiency  of  Dynamos,'  Electrical  Engineer, 
January  22  and  29, 1892.  For  an  extension  of  the  method  to  alternators,  see 
Mordey,  *  On  Testing  and  Working  Alternators,'  JoumeU  Inst.  Elec.  Eng, 
February  23,  1893. 
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CHAPTER   XXI 

THE  WORKING   AND   MANAGEMENT  OP  DYNAMOS 

In  many  cases  it  is  required  to  connect  two  or  more  dynamos  to 
the  same  pair  of  mains  in  order  to  increase  the  amount  of  electrical 
energy  that  can  be  supplied  to  their  common  circuit.  If  the 
dynamos  are  coupled  together  in  series,  although  the  maximum 
current  that  may  be  passed  through  them  is  no  more  than  the 
current  permissible  in  the  smaller  of  the  two,  yet  the  available 
voltage  is  increased.  On  the  other  hand,  if  two  dynamos  of  the 
same  voltage  are  coupled  in  parallel,  the  total  amount  of  current 
can  be  increased,  although  the  terminal  voltage  remains  unchanged. 
Any  such  coupling  together  of  dynamos  must  necessarily  be  so 
arranged  that  the  working  of  one  dynamo  does  not  interfere  with 
the  due  working  of  the  other  or  others ;  and  as  this  requires 
certain  precautions  in  their  interconnections,  the  more  usual 
cases  which  occur  in  practice  will  here  be  shortly  considered. 

The  simplest  case  is  the  coupling  of  two  series-wound  con- 
tinuous-current machines  in  series.  To  effect  this,  it  is  only 
necessary  to  connect  the  +  terminal  of  one  machine  with  the 
—  terminal  of  the  other,  the  external  circuit  being  then  connected 
to  the  remaining  terminals  of  the  pair.  Such  an  arrangement  is 
not  unusual  in  cases  of  transmission  of  power  over  long  distances, 
where  it  is  necessary  to  work  with  high  pressures  in  order  to  com- 
bine economy  in  the  first  cost  of  the  copper  leads  with  a  high 
efficiency  of  transmission.  It  has  been  already  mentioned  that  the 
delicate  nature  of  the  commutator  hardly  permits  of  more  than  2,500 
volts  being  generated  in  any  one  continuous-current  d3mamo  ;  but 
by  the  use  of  two  or  more  similar  dynamos  of  the  closed-coil  class 
coupled  in  series,  and  each  giving,  say,  2,000  volts,  a  combined 
E.M.F.  of  4,000  or  more  volts  is  obtained  on  the  external  circuit. 
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The  coupling  of  two  or  more  dynamos  in  parallel  is  even  more 
frequent.  In  all  large  installations,  such  as  central  supply  stations, 
as  the  load  increases,  more  dynamos  have  to  be  brought  into  use, 
while  the  original  machines  are  still  kept  running,  and  in  such 
cases,  in  order  to  obtain  the  greatest  economy,  each  dynamo 
should  be  worked  as  long  and  as  much  as  possible  at  its  maximum 
output :  this  is  best  attained  if  they  are  all  capable  of  being  worked 
in  parallel,  an  additional  machine  being  switched  on  to  the  same 
mains  as  soon  as  the  load  exceeds  the  combined  output  of  those 
already  running.  The  simplest  case  is  that  of  two  continuous- 
current  shunt-wound  dynamos,  connected  in  parallel  by  joining 
their  like  terminals  to  form  a  common  +  and  a  common  —  ter- 
minal. If,  as  is  usually  the  case,  one  machine  is  already  running 
and  excited,  care  must  be  taken  that  it  is  not  joined  in  parallel 
with  a  second  machine  while  the  latter  is  at  rest  or  is  unexcited. 
The  armature  of  the  second  machine  would  then  form  a  short- 
circuit  to  the  first,  and  would  present  no  E.M.F.  opposing  an 
excessive  rush  of  current  through  its  low  resistance.  Hence  the 
second  machine,  B,  must  be  run  up  to  its  normal  speed,  and  before 
it  is  thrown  into  parallel  it  must  either  be  allowed  to  excite  itself  to 
approximately  the  same  voltage  as  that  of  machine  A,  or  B's  shunt 
circuit  must  be  closed  on  the  first  machine  so  as  to  excite  B's 
field  before  its  armature  circuit  is  closed  :  the  machines  may  then 
be  safely  thrown  into  parallel,  and  each  will  supply  a  certain  part 
of  the  load,  the  exact  proportion  in  which  the  total  current  is 
divided  between  them  depending  on  their  respective  internal 
£.M.F.'s  and  armature  resistances.  The  condition  which  deter- 
mines this  division  is  that  after  deducting  the  volts  lost  by  the 
passage  of  the  current  over  the  armature  resistance  of  either 
machine  from  its  internal  E.M.F.,  the  remainder  or  the  terminal 
voltage  must  be  alike  in  both  machines.  Thus,  if  two  similar 
machines,  similarly  excited  and  run  at  the  same  speed,  be  coupled 
in  parallel,  each  will  take  half  of  the  total  current  If  the  speed 
of  one  be  now  lowered  or  its  field  weakened,  its  current  will 
gradually  pass  over  to  the  other  machine,  until  when  its  internal 
E.M.F.  falls  to  equality  with  the  terminal  voltage  of  the  second 
machine  it  supplies  no  current  at  all,  the  whole  of  the  load  being 
thrown  on  to  the  one  machine.    To  take  a  numerical  example, 
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suppose  that  each  machine  runs  nonnally  at  i,ooo  revolutions, 
and  is  then  excited  with  1 3,000  ampfere-tums  giving  2^=4,300,000', 
and  Ea=  103  volts,  further  that  the  loss  of  volts  over  the  armature 
at  the  full  load  of  100  amperes  reduces  the  terminal  voltage  e^  to 
100  volts.  If  the  speed  of  machine  B  falls,  a  larger  portion  of  the 
current  passes  over  to  machine  A.  The  increased  loss  over 
the  armature  resistance  of  A  and  the  increased  reaction  of  the 
armature  current  on  its  field  combine  to  reduce  both  its  internal 
and  terminal  voltage.  When  it  takes  the  whole  of  the  current,  let 
2^=4,100,000  be  the  number  of  lines  that  are  produced  by  the 
12,000  amp^re-tums  due  to  the  terminal  E.M.R  of  92  volts  ;  in 
other  words,  c,=2oo  amperes,  and  £^=92  volts,  give  a  point  on 
its  characteristic  curve  for  a  constant  speed  of  1,000  revolutions. 
This  same  terminal  voltage  will,  however,  in  the  case  of  machine  B, 
which  is  carrying  no  current,  give  2^1=4,250,000,  and  these  lines 
will  give  an  internal  E.M.F.  of  92  volts  when  B  is  running  at  900 
revolutions.  Thus  the  speed  of  B  may  be  reduced  by  10  per  cent, 
before  the  whole  of  its  load  passes  on  to  machine  A,  provided 
that  the  speed  of  the  latter  is  kept  strictly  constant.  On  a  further 
reduction  in  the  speed  or  strength  of  field  of  B,  its  internal  E.M.F- 
falls  below  the  terminal  voltage  of  A,  and  the  latter  then  drives 
a  reverse  current  through  B*s  armature :  the  internal  E.M.F.  of 
B  +  the  volts  lost  over  its  armature  resistance  due  to  the  reverse 
current  are  then  equal  to  the  terminal  voltage  of  A.  The  effect 
of  the  reverse  current  through  B's  armature  is  to  assist  in  turning 
it  as  a  motor  with  the  same  direction  of  rotation  as  before,  with- 
out mechanically  damaging  the  brushes,  and  thereby  it  tends  to 
keep  up  B's  speed.  The  interaction  of  the  two  machines  thus 
exerts  a  considerable  influence,  tending  to  equalise  their  speeds 
and  loads,  and  rendering  it  easy  to  work  shunt-wound  dynamos 
in  parallel ;  while  the  share  of  the  current  which  each  machine 
takes  is  easily  regulated  by  altering  its  speed  or  its  field-excitation. 
In  practice,  when,  as  is  most  often  the  case,  the  machines  are 
driven  by  separate  prime  movers,  the  equalising  tendency  is  much 
assisted  by  the  action  of  the  prime  movers  themselves.  Thus, 
when  the  load  of  one  machine  increases,  the  speed  of  its  engine 
or  other  prime  mover  falls  and  tends  to  check  the  increase,  while, 
for  a  similar  reason,  when  a  machine  fails  to  maintain  its  fair  share 
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of  the  load,  the  speed  of  its  prime  mover  rises,  and  tends  to  keep 
up  its  E.M.F. 

The  use  of  shunt-wound  dynamos  in  parallel  is  therefore 
common  in  central  supply  stations  :  as  soon  as  the  load  becomes 
too  great  for  a  single  machine,  a  second  is  run  up  to  speed,  excited 
and  switched  into  parallel  with  the  first,  the  same  process  being 
repeated  as  often  as  required  with  other  dynamos.  When  so  con- 
nected, they  all  supply  current  to  a  common  pair  of  *  omnibus 
bars,'  whence  the  feeders  are  run  to  the  network  of  mains.  As  a 
precautionary  measure,  a  magnetic  switch  is  frequently  inserted 
between  each  dynamo  and  the  omnibus  bars :  this  automatically 
flies  off  and  breaks  contact  if  the  armature  current  falls  below  a 
certain  minimum ;  and  hence,  if  for  any  reason  a  dynamo  begins  to 
slow  down,  it  is  cut  out  of  circuit  before  a  reverse  current  passes 
through  it,  while  its  load  is  taken  up  and  divided  among  the  other 
dynamos  at  work,  without  inter- 
ruption to  the  general  supply  of 
current. 

Passing  to  series-wound  dyna- 
mos connected  together  in  parallel 
after  the  same  fashion  by  joining 
their  like  terminals,  we  are  met  by 
the  difficulty  that  if,  for  any  reason, 
the  E.M.F.  produced  by  one  ma- 
chine, B,'faUs  considerably  below 
that  of  the  other  machine.  A,  then 
the  current  through  B  is  reversed  ; 
and  this,  sitlce  the  machine  is 
series-wound,  reverses  its  polarity. 
The  direction  of  B's  E.M.F.  is 
consequently  reversed,  with  the 
result  that  both  dynamos  simply 
act  in  series  round  their  own  internal  resistances,  and  in  a  short 
time  would  be  burnt  up  by  the  excessive  current.  This  diffi- 
culty is,  however,  at  once  overcome  by  the  addition  of  an  extra 
wire  connecting  together  the  two  brushes,  as  shown  in  fig.  188. 
It  is  especially  important  that  this  connecting  lead  should  be 
of  such   large  cross-section   that  its    resistance    is    practically 


Fig.  188.— Two  series-wound  dynamos 
coupled  in  panllel. 
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negligible  as  compared  with  the  resistance  of  either  of  the  series 
windings.  By  it  the  extremities  of  the  two  field*windings  are 
joined  in  parallel,  and  the  current  supplied  to  the  external  cir- 
cuit flows  in  the  same  direction  through  both  and  magnetises 
each  equally.  Should  the  internal  E.M.F.  of  machine  B  fall 
below  the  voltage  at  the  brushes  of  A,  a  reverse  current  passes 
through  B  driving  it  as  a  motor,  but  as  this  motor  current  flows 
through  the  lead  b  b\  and  does  not  pass  in  a  reversed  direction 
through  the  series  winding  of  B,  it  does  not  reverse  B*s  polarity. 
If  the  fall  of  volts  over  hV  \&  considerable,  a  certain  proportion  of 
the  motor  current  may  pass  through  the  alternative  path  of  bdd!  b\ 
but  this  is  prevented  by  making  b  b^  of  sufficiently  low  resistance, 
as  mentioned  above.  As  in  the  case  of  shunt  machines,  if  it  be 
required  to  switch  B  into  parallel  with  A  while  the  latter  is  running, 
it  is  necessary  to  excite  B  to  approximately  the  same  voltage  : 

this  is  effected  by  closing  the 
switch  K  while  B  is  running,  and 
immediately  aftenvards  switch  s' 
may  be  closed. 

Series-wound  dynamos  are, 
however,  but  seldom  required  to 
work  in  parallel,  and  the  above 
remarks  are  introduced  inasmuch 
as  they  apply  equally  well  to 
the  series  windings  of  compound 
machines  when  worked  in  paral- 
lel The  arrangement  usually 
adopted  for  these  is  shown  in 
fig.  189,  from  which  it  will  be 
seen  that  when  the  switches  ate 
closed,  not  only  are  like  ter- 
minals connected  together,  but 
also  like  brushes,  exactly  as  in  the  case  of  series  machines  and 
for  the  same  reason  ;  while,  again,  the  connecting  wire  b  V  must 
be  of  negligible  resistance  as  compared  with  the  series  windings. 
In  order  to  throw  the  one  machine,  say  B,  into  parallel  with  the 
other,  A,  when  the  latter  is  running,  it  must  be  run  up  to  ap- 
proximately the  same  voltage  as  A,  the  excitation  being  provided 


Fig.  189. —Two  compound- wottQd  dynamos 
coupled  m  pandl«l. 


Digitized  by  VjOOQ  IC 


WORKING  AND  MANAGEMENT  OF  DYNAMOS    511 

by  the  shunt  alone  ;  switch  k  is  then  dosed,  and  finally  switch  s', 
while  if  it  be  required  to  withdraw  machine  B  from  parallel  con- 
nection, its  speed  should  be  slightly  reduced  until  it  is  supplying 
little  or  no  current,  after  which  switch  s'  is  opened,  and  lastly 
switch  K.  The  opening  or  closing  of  the  two  connections  in  due 
order  may  be  conveniently  effected  by  a  composite  switch  by 
which  the  contact  at  k  is  made  first  on  closing  the  switch,  and 
broken  last  on  opening  it. 

Alternate-current  dynamos,  with  some  exceptions,  can  also  be 
run  in  parallel ;  the  whole  question  of  their  parallel  working  is, 
however,  so  complicated  that  space  will  not  permit  of  more  than 
the  merest  outline  of  the  subject  being  here  given.  ^ 

If  two  similar  alternators  be  running  at  exactly  the  same  speed 
with  £.M.F.'s  rising  and  falling  together,  that  is  to  say,  if  they 
synchronise  in  phase,  and,  further,  if  they  are  giving  equal  voltages, 
then  so  long  as  this  condition  of  affairs  lasts  the  armature  circuits 
of  the  two  machines  may  be  coupled  together,  and  they  will  run 
in  parallel,  dividing  the  load  between  them  in  proportion  to  the 
power  supplied  to  each.  If,  however,  the  phase  of  the  E.M.F.  of 
one  machine  does  not  synchronise  with  that  of  the  other,  /.  e.  if, 
as  it  is  termed,  the  two  machines  are  not  Mn  step,'  then,  even 
though  their  speeds  and  effective  voltages  are  identical,  the 
E.M.F.  of  one  may  be  rising  when  the  E.M.F.  of  the  other  is 
falling ;  hence  a  fluctuating  current  will  pass  between  the  two 
armatures,  and  this  may  reach  such  intensity  as  to  render  the 
working  difScult  or  positively  unsafe.  Now  in  practice  the  above 
conditions  for  successful  parallel  working,  viz.  perfect  synchronism 
and  equality  of  voltage,  will  seldom,  if  ever,  be  exactly  fulfilled ; 
yet,  provided  that  the  differences  in  the  speed,  phase,  or  voltage 
of  the  two  machines  be  not  excessive,  they  may  be  switched  into 
parallel ;  and  from  the  mutual  control  which  they  exert  upon 
each  other,  they  will  fall  into  step,  and  continue  to  run  together 
satisfactorily.  In  order  that  the  difference  of  phase  may  not  be  too 
great  at  the  moment  when  they  are  connected  together,  an  instru- 

'  For  further  information  see  Hopkinson's  Original  Papers  on  Dynamo 
Mtuhinoryf  p.  149,  fF. ;  Mordey,  Journal  Inst.  Elec.  Eng.  vol.  xviiL  pt.  81, 
1889 ;  Swinburne,  ibid,  vol.  xx.  1891  ;  Fleming's  AUemate'Current  Trans' 
fornur^  vol.  ii.  pp.  351-364;  and  Eloctrical  Engineer,  March  13,  20,  1896. 


Digitized  by  VjOOQ  IC 


512 


THE  DYNAMO 


ment  called  a  '  synchroniser '  or  '  phase  indicator '  is  employed,  of 
which  fig.  190  is  a  diagrammatic  sketch.  On  a  laminated  iron  core 
three  coils  of  insulated  wire  are  wound  as  shown  :  of  these  c^  is  con- 
nected to  the  terminals  i^x  and  t^,^  of  alternator  a,  Ca  to  the  terminals 
Tfrj  and  T52  of  alternator  b,  and  c,  to  the  terminals  of  an  incan- 
descent lamp,  L.  The  whole,  therefore,  forms  a  small  transformer, 
having  two  primary  coils,  c^  and  C3,  and  one  common  secondary,  €3. 
The  primaries  are  so  arranged  that  when  the  two  machines  are  in 
phase,  sufficient  E.M.F.  is  induced  in  the  secondary  to  render  the 
lamp  fully  incandescent,  while  if  the  machines  are  in  different 
phases  the  lamp  does  not  burn  so  brightly — the  greater  the 
difference  of  phase,  the  less  being  the  light.  Assuming,  then,  that 
one  machine  is  already  at  work,  and  that  it  is  desired  to  connect 
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Fig.  X90.— Synchroniser  for  coupling  alternators  in  parallel. 

another  in  parallel  with  it,  the  procedure  is  as  follows : — ^The 
second  machine  is  run  up  to  its  full  speed,  and  its  field  excited  to 
give  a  voltage  slightly  higher  than  the  working  voltage  of  the 
first  machine ;  the  synchroniser  is  switched  on  to  the  two  alter- 
nators, and  if  they  are  not  in  step,  the  light  of  the  lamp  pulsates, 
intervals  of  darkness  rapidly  succeeding  intervals  of  brightness ; 
the  speed  of  the  second  machine  is  then  adjusted  so  as  to 
lengthen  the  intervals  of  brightness,  and  at  the  instant  when 
the  two  are  coming  into  phase,  as  shown  by  the  lamp  burning 
steadily,  the  switch  k  connecting  the  armatures  together  is  closed ; 
the  operation  is  then  completed,  and  the  synchroniser  may  be 
switched  off.  When  it  is  desired  to  shut  down  one  of  the 
machines,  it  is  only  necessary  to  reduce  its  exciting  current  until 
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all  the  load  is  taken  by  the  other  machine  (or  machines),  and  then 
to  switch  it  off  the  mains. 

Alternators  cannot  be  run  in  series,  for  as  soon  as  one  falls 
the  least  behind  another  in  phase,  the  lagging  machine  has  the 
greater  part  of  the  load  thrown  upon  it,  which  causes  it  to  lag 
more  and  more,  until  ultimately,  when  the  two  settle  down  into 
exactly  opposite  phases,  their  KM.F.'s  neutralise  each  other,  and 
no  current  flows. 

It  remains  to  add  a  few  remarks  on  the  fixing  and  working  of 
dynamos  in  general  In  the  first  place,  good  foundations  are  as 
much  an  essential  for  successful  working  as  a  good  dynamo,  inas- 
much as  any  vibration  is  most  detrimental  to  the  life  of  the 
armature,  commutator,  and  brushes,  and  if  transmitted  to  the 
surrounding  floor  and  walls  will  prove  a  constant  source  of  annoy 
ance.  The  ground  should  be  excavated  until  a  sound  and  solid 
bottom  is  reached,  on  which  may  be  built  up  a  foundation  of  con- 
crete, or  concrete  and  brickwork,  sufficiently  massive  to  absorb  and 
damp  the  vibration  of  a  fast-running  dynamo.  The  interposition 
of  a  few  thick  sheets  of  felt  between  the  base  of  the  concrete  and 
its  seating  assists  in  deadening  the  transmission  of  vibrations. 
With  small  dynamos,  Lewis  bolts  having  a  tapering  shank  of  rect- 
angular section  with  jagged  edges  are  used  to  hold  down  the  bed- 
plate or  slide-rails  :  the  square  holes  required  for  these  bolts  are 
cut  into  the  concrete,  their  position  being  marked  off  usually  from 
a  wooden  template  of  the  slide-rails,  and  when  these  latter  are 
laid  down,  the  bolts  are  dropped  in  and  flxed  by  lead  or  sulphur 
cement  run  in  round  them.  With  larger  dynamos,  long  holding- 
down  bolts  are  used,  passing  right  through  to  the  bottom  of  the 
concrete  and  terminating  at  their  lower  end  in  large  square  plates. 
The  holes  for  such  bolts  are  formed  in  the  concrete  by  inserting 
long  tapering  wooden  boxes  of  square  section  ;  when  the  bed- 
plate or  rails  are  in  position,  thin  cement  is  run  into  the  holes 
thus  formed,  until  they  are  full,  and  is  then  allowed  to  set  without 
disturbance.  In  other  cases,  large  blocks  of  timber  are  embedded 
in  and  bolted  down  to  the  concrete,  and  on  these  the  rails  are 
fixed  by  coach-screws.  In  all  cases,  the  upper  surface  of  the 
foundation  should  be  carefully  levelled  with  a  straight-edge  and 
spirit-level. 

LL 
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When  driven  by  belt,  it  is  essential  that  the  dynamo  should  be 
set  square  with  the  driving  engine  or  shafting,  in  order  that  the 
belt  may  run  fairly  on  the  centres  of  the  two  pulleys.  This  is 
ascertained  by  taking  a  length  of  string  and  stretching  it  tightiy 
from  the  far  edge  of  the  driving  pulley  or  fly-wheel  to  the  dynamo 
pulley ;  when  the  string  just  touches  the  near  edge  of  the  driving 
pulley,  its  transverse  distance  from  a  centre  line  drawn  round  the 
dynamo  pulley  should  be  the  same  both  on  the  side  nearer  to  the 
driving  pulley  and  on  the  side  farther  from  it. 

The  belt  itself  should  be  soft  and  flexible,  and  joined  into  an 
endless  band  either  by  a  cemented  and  riveted  joint,  or  by  belt- 
fasteners  with  a  butt  joint ;  a  lapped  or  laced  joint  causes  a  jerk 
each  time  that  it  passes  on  to  the  dynamo  pulley,  which  gives  rise 
to  vibration  and  fluctuation  of  the  E.M.F.,  together  with  sparking. 
Wherever  possible,  the  direction  of  rotation  should  be  such  that 
the  under  side  of  the  belt  is  the  tight  or  driving  side. 

Perfect  steadiness  of  driving  is  of  great  importance,  especially 
for  direct  incandescent  lighting ;  a  very  slight  fluctuation  in  the 
speed  of  the  dynamo,  even  though  it  be  not  great  enough  to  cause 
sparking,  is  immediately  discernible  as  a  pulsation  in  the  light  of 
the  lamps,  owing  to  the  slight  change  of  E.M.F.  to  which  it  gives 
rise.  On  this  account  most  of  the  present  types  of  gas-  or  oil- 
engines are  inadmissible  for  direct  lighting  owing  to  their  great 
fluctuation  of  speed  during  each  revolution,  even  when  fitted  with 
heavy  fly-wheels.  When  such  prime  movers  are  used,  the  dynamo 
is  usually  worked  in  conjunction  with  an  accumulator  battery,  and 
even  then  it  is  advisable  for  the  dynamo  to  be  itself  fitted  with  a 
heavy  disc  fly-wheel.  In  such  cases,  the  secondary  cells  should 
never  be  placed  in  the  same  room  with  the  dynamo,  since  the 
cotton  or  other  fibrous  insulation  of  the  dynamo  wires  is  rapidly 
attacked  and  eaten  away  by  the  acid  spray  given  off  during  the 
process  of  charging. 

After  the  machine  has  been  fixed  in  position,  the  armature 
should  be  turned  round  by  hand  to  see  that  it  resolves  freely  and 
that  nothing  is  loose  ;  it  should  then  be  run  for  some  time  with 
the  brushes  raised  from  the  commutator,  in  order  to  test  the 
alignment  of  the  bearings  and  of  the  machine  generally.  The 
adjustment  of  the  brushes  when  lowered  on  to  the  commutator  re- 
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quires  careful  attention:  usually  two  lines  are  cut  on  the  gun-metal 
collar  of  the  commutator  next  to  the  outer  bearing  (these  lines  being 
in  a  2 -pole  machine  diametrically  opposite  to  each  other),  and  to 
them  the  brushes  must  be  set,  the  tips  of  the  brushes  carried  by 
one  arm  of  the  rocker  being  in  line  with  the  one  setting  mark,  and 
those  of  the  brushes  on  the  other  arm  in  line  with  the  opposite 
mark. 

All  screw  contacts  should  be  firmly  screwed  up,  and  any  dirt 
or  lacquer  (if  such  there  be)  on  the  points  of  binding-screws  should 
be  cleaned  off.  Want  of  contact  of  the  brushes  on  the  com- 
mutator or  elsewhere  may  cause  a  failure  of  the  dynamo  to  excite. 
The  electrical  connections  should  be  carefully  examined  and 
verified ;  and  on  starting,  it  should  be  borne  in  mind  that  a 
shunt-wound  dynamo  will  not  excite  on  a  very  low  resistance,  or 
a  series-wound  dynamo  on  a  very  high  resistance.  If,  therefore,  a 
shunt-wound  dynamo  fails  to  excite  even  when  the  main  switch  is 
open,  a  short-circuit  in  the  leads  may  be  suspected.  Or  if  a 
series- wound  dynamo  will  not  excite  with  its  normal  external 
circuit  closed  by  the  main  switch,  there  may  be  a  disconnection 
either  within  or  outside  the  machine.  Any  such  difficulty  will 
usually  be  solved  by  testing  with  an  ordinary  linesman's  detector  ; 
or  in  default  of  a  solution  by  this  means,  the  connection  of  the 
brush  leads  to  the  field-winding  should  be  transposed. 

As  the  brushes  wear,  they  must  be  fed  forward  through  their 
holders  ;  and  if  they  do  not  then  bed  properly  on  the  commutator 
over  their  entire  thickness,  their  tips  must  be  filed  to  the  correct 
angle.  For  such  trimming  the  brush  should  be  clamped  in  a 
vice,  with  a  plate  to  support  it  at  the  back,  and  filed  with  a 
smooth  file,  the  strokes  being  made  towards  the  extreme  tip. 
When  a  new  set  of  brushes  requires  to  be  bedded,  it  may  be  con- 
veniently done  by  tying  a  piece  of  emery  paper  accurately  round 
the  commutator,  and  running  the  armature  slowly  while  the 
brushes  are  pressed  on  to  the  emery  paper.  After  any  such 
operation  the  tips  of  the  brushes  must  be  cleaned  from  any 
adherent  copper  and  emery  dust. 

For  the  filling  of  the  lubricators,  copper  oil  cans  should  invari- 
ably be  used,  since  iron  cans  are  liable  to  be  drawn  to  the  magnet, 
and  thereby,  perhaps,  cause  damage  by  catching  in  the  armature. 

I   %2 
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All  oil-pipes  and  waste  oil-chambers  require  occasional  attention 
to  see  that  they  are  not  clogged.  If  from  any  neglect  in  this 
respect,  or  from  original  defective  construction,  oil  creeps  from  the 
bearings  on  to  the  surface  of  the  commutator,  it  becomes 
carbonised  by  any  sparking  at  the  brush-tips,  and  forms  a  thin  con- 
ducting film  which  bridges  across  the  strips  of  insulation  between 
the  segments  of  the  commutator,  the  result  being  a  loss  of  E.M.F., 
due  to  the  local  leakage  which  ensues  between  neighbouring 
coils ;  while  if  oil  further  makes  its  way  on  to  the  armature 
winding,  it  has  a  deteriorating  effect  on  the  protecting  varnish, 
and  causes  adherent  deposits  of  dirt  and  copper  dust.  The 
dynamo  should  therefore  be  kept  clean,  and  in  especial  its  com- 
mutator requires  scrupulous  care  on  this  point.  The  use  of  any 
lubricant  on  the  surface  of  the  commutator  is  to  be  avoided— 
except  at  occasional  intervals,  when  a  little  vaseline  smeared  on  a 
piece  of  clean  rag  may  be  rubbed  on  while  the  armature  is 
rotating."  The  dark  burnished  lustre  which  may  be  seen  on  the 
commutator  of  a  good  non-sparking  dynamo  is  the  sure  evidence 
of  a  careful  attendant.  Occasionally,  before  stopping,  fine  emery 
cloth  may  be  applied  if  the  surface  shows  signs  of  wearing  into 
grooves  and  becoming  uneven.  If  a  fiat  begins  to  develop  on 
one  or  more  segments  (p.  391)  it  should  be  filed  out,  the  seg- 
ments on  each  side  being  carefully  rounded  so  as  to  retain  as  far 
as  possible  the  cylindrical  surface  of  the  commutator.  But  if  the 
disease  has  gone  too  far  for  such  remedy,  the  armature  must  be 
put  in  a  lathe,  and  the  commutator  surface  turned  up  true ;  the 
tool  should  be  sharp  and  fine-pointed,  and  the  feed  should  be 
light,  so  as  not  to  drag  the  copper  over  the  insulating  strips  of 
mica  :  after  turning,  it  should  be  lightly  filed  with  a  smooth  file, 
and  finally  examined  to  see  that  no  particles  of  copper  are 
embedded  in  the  mica,  and  bridging  adjacent  segments. 

^  In  high-tension  open-coil  machines  with  air-insulation  dividing  the 
segments  of  the  commutator,  oil  may  be  more  freely  used. 
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of,  vide  Disc,  Discoidal,  Drum  and  Ring ; 
armature,  reaction  in,  993, 499, 501  ;  differ- 
ential action  in,  xa9,  133,  i6a,  488,  499, 
499;  efficiency  of,  938,  453,  468;  effective 
E.M.F.  of,  X03,  483,  489;  excitation  of, 
350,  468,  500;  heating  of,  404,  500;  in- 


duction in' armature  o!;  958,'  493]  insula- 
,  45a, 

of,  XOI, 

5";  .  ,.    ...    — 

164  ;  power  of,  ^ :  pull  on  inductors  of. 


of,  asB,  493:  UBUla- 
tion  of,  a4a,  45a,  454,  46X  ;  multiphase, 
155  .  output  of,  xoi,  X04  ;  parallel  working 
of,  453,  46a.  5";   periodicity,   X44,  X59. 


a49 ;  ratio  of  widths  of  winding  and  field, 
1^4  ;  Ferranti,  ^58  ;  Hopkinson,  454  ; 
KapP,  455  ;  Lowne-Parker,  450 ;  Mordey, 
464 

Amperes,  4 ;  effective,  xoa 

Amp^e-stream  on  armature,  380 ;  maximum, 
on  bipolar  dynamo,  380,  38a,  48a ;  on 
multipolar  dynamo,  384 

Ampere-turns  on  electro-magnet,  37  ;  relation 
to  M.M.F.,  30,  288 ;  to  H,  98,  3x7 

Amp^e-tums  of  armature,  380  ;  back  and 
cross,  a99,  367,  370,  375 :  in  alternators, 
a93,499 ;  maximum,  379,  38a,  384,  48a 

Amp^re-tums  of  field-magnet,  calculation 
of,  a86,  a94,  3x0,  3x3,  484.  500 

Anal(»y,  hydraulic,  to  dynamo,  a,  ^,  6,  6x  ; 
of  electro-magnetic  and  electro-dynamic 
equations,  68 ;  of  electro-magnet  to  battery, 
3a ;  of  inertia  to  self-induction,  80 ;  of 
magnetic  and  electric  circuits,  a9,  ax6 

Angle  of  lag,  99 

Angle  of  lead,  35X,  366,  370,  374,  385,  444 

Annealing  of  iron,  aax,  a34 

Arc  lighting,  165,  338 ;  dynamos  for,  338, 


34a,  440 ;  vide  Brush,  and  Thomson-Hous- 
ton 

Armature  of  electro-magnet,  3a,  34;  of 
dynamo,  xos 

Armatures,  typfes  of,  vide  Closed-coil,  Disc, 
Discoidal,  Drum,  Multipolar,  Open-coil, 
and  Ring ;  balancing  of^a57  ;  heating  of, 
vide  Heating ;  proportions  of,  a57,  476, 
497  ;  magnetic  pull  on,  vide  Pull 

Armature  amp^re-tums,  vide  Ampere-turns 

Armature  bars,  344 ;  effect  of  their  width, 
50,  a45  ;  vide  Stranded  and  Twisted  Bars 

Armature  cores.  xo6  ;  function  of  iron,  ixa, 
X17 ;  non-magnetic,  xo6,  460,  466:  rota- 
tion of,  iia,  333  ;  construction  of,  from 
iron  discs,  334,  935,  951,  4x5;  from  iron 
tape,  334,  337.  433,  ^41^  454  ;  from  iron 
wire,  334,  336  J  insulation  of,  343,  45a, 
479»  481  ;  lamination  of,  333,  335,  4x5, 
433,  437,  434,  460 ;  vide  Toothed  Arma- 
tures 

Armature  inductors,  driving  of,  350;  pull 
on,  73,  349 :  vide  also  Armature  Bars 

Armature  reaction,  vide  Reaction 

Armature  resistance,  vide  Resistance 

Armature  shafts,  358 

Ascending  curves  of  magnetisation,  3x7, 33^ 
391 


Back  amp^e-turns  of  armature,  393,  35lr, 
375>  383 ;  effect  on  characteristic  curves, 
3»7.  337i  34if  348,  37^  ;  of  alternator,  393, 
499f  50X 

Back  E.M.F.,  of  motor,  67,  84  ;  of  self- 
induction,  79,  84 

Balancing  of  armatures,  357 

Ballistic  galvanometer,  37,  314 

Bar  inductors  for  armatures,  344,  346 

Bar  magnet,  9,  13  ;  analogy  to  solenoid,  33 ; 
lines  of  induction  in,  35 

Bearings,  94X,  380,  383,  384*  4^6,  435»  460. 
464 

Belts,  5x4 

Belt-shifting  gear,  439 

Bending  moment  of  shafts,  039 
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Binding-wire  of  armatures,  348,  481 
Bipolar  dynamos,  Z09;  continaous-current, 
neating  of,  410 ;  maximum  ampere-stream 
on,  380,  383 
Bobbins,  of  armature,  460,  466  ;  of  field- 
magnets,  a6s  ;  vide  Field-magnet  Coils 
Brown  dynamo,  433 
Brush  dynamo,  173,  174,  393,  413,  443 
Brush  Electrical  Engineering  Co.,  433,  443 
Brushes,  8,  «",  148,  353i  39o.  39'.  393,  43a. 
439.  5«4  ;  l«ad  of,  351,  359.  366,  370,  374, 
444  :   width  of,  355,  389,  39o.  43"  ;   in 
Thomson-Houston  dynamo,  177,  448 


Cardbw  voltmeter,  Z03 

Cast  iron,  sio,  331.  363  ;  for  field-magnets, 

360,  377,  414  ;  induction  in,  360 
Cast  steel,  3ai,  163 
C.G.S.  system,  15,  z6,  30,  45,  66,.  82,  317, 

934,  388 
Central  stations,  dynamos  for,  338,  431,  437, 

438,  440,  468  ;  working  of,  507,  509 
Centrifugal  force,  340,  348,  440,  451 
Characterbtic   curves,    of  dynamos,    330 ; 

shunt,  332,  337 ;  series,  340 ;  compound- 
wound,  344.  349 

Charcoal-iron,  33 1,  334 

Circuit,  electric,  3 ;  magnetic,  vide  Magnetic 
Circuit 

Circumferential  Speed,  vide  Peripheral 
Speed 

Classification  of  dynamos,  108 

Closed-coil  armatures,  182,  351 

Closed  curves,  of  lines  of  induction,  3i,  34, 77 

Coercive  force,  319,  321,  333 

Collecting  rings,  irz,  1Z7,  Z31,  14S,  453, 456, 
461.  463 

Commercial  efficiency,  vide  Efficiency 

Commutation,  zz8,  Z69,  183,  357 

Commutators,  8,  Z19  ;  of  closed-coil  arma- 
tures, Z89,  355,  V^  \  construction  of,  190, 
S5(i  954.  390 ;  numb.'r  of  segments,  190, 
30O,  378,  387,  388,  433,  477 ;  rise  of  poten- 
tial in,  Z93,  355  :  use  of  armature  bars  as, 

439,  ^40  ;  viae  Cross-connection,  and 
Sparkmg:  of  oi>en-coiI  armatures,  Z71, 
Z73, 44s ;  with  air-insulation,  174,  355,  392, 
443,  516 ;  care  of,  516  ;  flats  on,  391,  516 

Compass-needle,  9,  Z3,  z8,  so 

Compound- wound  dynamos,  313,  47^  ;  cha- 
racteristic curve  of,  345  ;  imperfection!;  of. 
348:  long-  and  short-^unt,  344  ;  parallel 
workini^  of,  510 ;  temperature  eHeci.  350, 
396 ;  winding  for,  345,  484 

Connectors,  vide  End-connections 

Consequent  poles,  368 

Conser\-atioD  of  energy,  5,  68 

Constant  current^  for  arc  lighting,  343,  443  ; 
regulation  fur,  in  Brush  dynamo,  444  ;  in 
Thomson-Houston  dynamo,  i8z,  448 


Continuous-current  dynamos,  zo8,  283,  351 ; 

types  of,  tru^  Closed-coil,  Disc,  Disjoidal. 

Drum.  Multipolar,  and  Ring;  armature 

reaction  in,  560 ;  efficiency  of,  vide  Effi- 
ciency;   E.M.F.  of,  312;   exciution  of, 

vide   Compound-wound,    Series,    Shunt; 

heating  of,  4Z0 ;  uses  of,  183 ;  vide  also 

Output,  Parallel  Working 
Cooling  surface,  75 ;  of  armature,  404,  420, 

4ZI,  482,  498;  of  field-magnet  coils,  364, 

403.  484 
Copper  wire.  8,  6z  \  resistance  of,  329,  395 ; 

vide  also  Insulauon 
Core,  iron,  of  solenoid,  33,  36 
Cores,  armature,  vide  Armature  Cores 
Cores,  magnet-,  Z05 
Coulomb,  4 

Covering,  vide  Insulation 
Crompton,  4-pole  dynamo,  434  ;   stranded 

bars,  348,  433,  437 
Cross  amp^-turns,  368,  372,  379,  383 
Cross-connection  of  commutator,  309.354, 495 
Current,  flow  of,  9,  4,  60 ;  pull  due  to,  63  ; 

self-induction  due  to,  76 ;  alternating,  103 
Current-sheets,  293^  360,  380,  383 
Curves,    characteristic,  vide  Characteristic 

Curves 
Curves  of  E.M.F.,  of  rotating  inductor,  57, 

113;  of  alterna.ors,  9a,  ^,  218,  239  ;  of 

continuous -current   machines,    229,     270, 

273,  277,  284 
Curves  of  magnetisation,  connecting  B  and 

H,  327,  a«> ;  o'  dynamo,  315,  330,  342,  348 
Curves  of  rate  of  change,  87 
Curves,  sine,  58,  89,  99,  202,  489 
Cutting  of  lines,  39 ;  rate  of,  44  ;  by  a  free 

conductor,  67  ;  of  conductor  by  its  own 

lines,  76 
Cycle,  magnetic,  333 


Drfinition  ^  of,  dynamo,  i ;  electrical 
energy,  3;  induction,  34,  35 ;  permeability, 
/ui,  38 ;  i>itch,  233 ;  trailing  and  leading, 
355  ;  unit  N.  pole,  24,  25 

Deptford  central  station,  457,  463 

Designing  of  dynamos,  337,  476,  497 

Diameter  of  armature  shaft,  339 

Diameter  of  commutation,  3^4,  377,  444, 448  ; 
vide  Sparking,  Angle  of  Lesd 

Differential  action  in  alternators,  239,  233, 
26a,  488,  493 

Disc  alternators,  bipolar,  232  ;  best  widths  of 
winding  and  field,  139,  243 ;  multipolar, 
Z45,  247,  253 ;  Ferranti,  458  :  unipolar, 
259,  26a,  264,  496  ;  Mordey,  464 

Disc  armatures,  233,  333,  343,  357.  460,  466 ; 
vide  also  Disc  alternators  and  Winding 

Dijc  continuous-cuzrent  dynamo,  234 

Disc  winding,  Z33,  239 ;  vide  Disc  Alterna- 
tors and  Armatures 
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IMacoidal>ring  alternators,  bipolar,  xaa,  131 ; 
best  widths  of  winding  and  field,  133 ; 
multipolar,  145,  147,  152,  151,  257,  404; 
design  of,  497  ;  unipolar,  za8,  158,  z6z, 
496 

Discoidal-ring  armatures,  13 1,  234,  237,  242, 
255,  258,  433i  442,  497 

Discoidal-ring  continuous<uxrent  dynamos, 
124 ;  Brush,  442  ;  Schuckert,  439 

Discoidal-ring  winding,  lax,  128;  vide  Dis- 
coidal-ring Alternators,  Armatures,  and 
Continuous  current  Dynamos 

Discs,  iron,  for  armature  cores,  221,  234,  235, 
415 

Distortion  of  field  by  armature  reaction,  365 

Double-wound  drum  armature,  389 

Driving,  positive,  of  core,  249 ;  of  inductors, 
950,  435 

Drum  alternators,  bipolar,  1x7,  131 ;  best 
widths  of  winding  and  field,  139 ;  multi- 
polar, 145.  ;47,  X49.  aS5,  357  ;  Hopkinson, 
453 ;  Lowne-Parker,  450 

Drum  armatures,  core-discs  for,  234 ;  con- 
struction of,  235,  423  ;  for  alternators,  255, 
45' I  453  ;  <^'  Drum  Alternators  ;  for  con- 
tinuous-current machines,  amp^e-tums  on, 
260,  367 ;  commutator  of,  378,  389,  478  ; 
eating  of,  410,  4x1  ;  induction  in,  258  ; 
maximum  ampfere-stream.  379,  382,  385 ; 
proportions  of,  258  ;  radial  depth  of  discs, 
358 ;  resistance  of,  256 ;  rise  of  potential 
in,  ZQ4  ;  windine  of,  194,  aa(,  344,  350; 
double-  and  treble-wound  bipolar,  389, 
432  ;  parallel  -  wound  multipolar,  ao8  ; 
series-wound  multipolar,  209 ;  vide  End- 
connections 

Drum  continuous-current  dynamos,  xx8 ; 
leakage  in,  308  ;  vid*  Drum  Armatures ; 
Allen,  427;  Crompton,  434;  Edison 
Hopkinson,  432 ;  Siemens,  432 

Drum  winding,  Z17  ;  vidt  Dnun  Alternators 
and  Armatures 

Dynamo,  dual  nature  of,  z,  1,  Z05 ;  defini 
tion  of,  z  ;  action  of)  7 ;  efficiency  of,  7  ; 
output,  s;  simple  forms  of,  3,  60,  zxi  ; 
hydraulic  analoe[y  to,  2,  4,  6,  ox  ;  classifi- 
cation of,  X08 ;  bi-,  multi-,  and  uni-polar, 
Z09 

Dyne,  zs,  z6 

Eddy-currents,  in  armature  bars,  51,  345, 
346,  35  z,  4SS,  480  ;  in  armature  cores,  232, 
237,  342,  436,  460 ;  in  pole-pieces,  350,  408, 
4Z2,  445 ;  loss  by,  in  armature,  405,  408, 
472  ;  measurement  of,  408,  50Z 
Edison-Hopkinson  dynamo,  422 
Effective  E.M.F.,  z<»  ;  of  alternator,  489 
Efficiency  of  dynamos,  7,  338,  394,  499 ;  of 
particiUar  machines,  421,  427,  432, 445, 453, 
472  ;  measurement  of,  503 
Electric  Construction  Company,  450 
Electrical  energy,  2  ;  of  alternator,  95 
Electro-dynamic  action,  64 
Electrolytic  work,  338 


Electro-magnet,  33 ;  analogy  to  electric 
battery,  33  ;  m  dynamos,  37 

Electro-magnetic  induction,  43,  68 

Electro-motive  force,  s  ;  how  produced,  39  : 
as  rate  of  cutting,  Z4 ;  average  and  instan- 
taneous, 45^  192,  21 X  ;  direction  of,  47,  68  ; 
due  to  rectilinear  motion,  48, 65 ;  of  curved 
inductor,  52  ;  of  hoop,  54, 57 ;  of  alternator, 
86,  101 ;  of  eddy-currents,  51,  232  ;  of  self- 
induction,  vidt  Self-indtiction ;  impressed 
and  resultant,  83 ;  equations  for  internal 
E.M.F.,  of  continuous-current  machines, 
2t2 ;  of  alternators,  489 

Elwell-Parker  alternator,  450 

End-connections  of  drum  armatures,  195, 
244,  256;  in  multipolar  fields,  307,  4Z1, 
435 ;  Hopkinson  form,  424 ;  Crompton,  435 

End-play  of  shafts,  341 

Engines,  Allen,  430 ;  WUlans',  436,  431, 435, 
475  ;  speed  of»  475 

Esson,  on  armature  amp^e-stream,  380, 383, 
385  ;  on  toothed  armatures,  4Z4 

E wing's,  Prof.,  theory  of  magnetism,  237 

Exciution  of  field-magnets,  333 ;  vide  Self- 
excitation,  Shunt.  Series,  Separately- 
excited,  Compound-wound 

Exciting  power  of  electro-magnet,  37  ;  rela- 
tion to  M.M.F.,  30,  388 

External  characteristic,  of  shunt  dynamo, 
330 ;  of  series  dynamo,  340 ;  of  compound- 
wound  dynamo,  345 


Ferranti  alternator,  357,  458 

Field,  magnetic,  8  ;  of  barms^et,  9,  za,  z5 ; 
of  siraisht  current,  Z9 ;  of  loop,  3z  ;  of 
solenoid,  33 ;  with  iron  core,  33.  36 ; 
structureless,  40;  self-induced  E.M.F., 
due  to  alteration  of,  80  :  energy  stored  up 
in,  84  ;  of  armature  amp^re^tums,  360 ; 
symmetrical  distribution  of,  in  dynamos, 
368,  281,  284,  374,  387 

Field-magnets  of  dynamos,  7,  37,  332  ;  three 
parts  of,  xos,  306 ;  C-shaped  single  horse- 
shoe, 107,  266  ;  bipolar  overtype  horseshoe, 
7.  36x,  366,  378,  382,  308,  ^74,  417*  4*8 ; 
design  of,  483;  bipolar  imdertype  horse- 
shoe, a66,  368,  279, 382, 308,  423,  430, 432 ; 
bipolar  double  horseshoe,  267,  268,  370, 
3".  374i  418,  4M,  443;  iron-clad,  370; 
Manchester,  361,  362,  267,  368,  3111  4"8, 
422 :  vide  Multipolar  and  Unipolar ; 
material  of,  360,  363 :  comparison  ^  of 
wroi^ht  and  cast  iron,  360;  componte, 
261,  377;  with  consequent  poles,  368; 
comparison  of  single  and  double  horse- 
shoes, 268j  274 ;  design  of,  273  ;  horns  on, 
284,  397 ;  mduction  in,  259,  337.  483.  4W ; 
joints  m,  375, 277,  450 ;  leakage  fiwin,  vide 
Leakage  ;  length  of,  263 ;  magneuc  pull 
on,  274,  38^;  proportioning  of  areas,  376, 
278,  283  ;  shape  of,  262 ;  ^apmg  of  pole- 
pieces,  283,  373  ;  symmetry  of  field,  268, 
281,  28^,  374,  387  ;  throttling  of  hues  in, 
B76,  3781  «83,  374 
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Field'Diagnet  ootb,  7,  X05;  of  Alternators, 
149,  i<3,  x6o>  164 ;  cooling  service  of  964, 
403  ;  fonners  for,  965,  32a ;  length  of,  964, 
267  :  wire  for,  333 ;  vieU  Field-magnet 
Winding,  Heating,  and  Temperature 

Field-magnet  winding,  calculation  of  amp^- 
turns  for,  vide  Ampire-tums ;  of  sin  of  wire, 


excited.  Compound- wound ;  effecc  of  heat> 
ing  on,  39p,  350,  395,  39^ ;  lo"  »«.  3*9  \ 
self-mduction  df,  3*8 

Filings,  iron,  14,  19 

Flats  on  commutator,  391,  5x6 

Fluctuation  of  E.M.F.  in  closed<coil  arma- 
tures, X85,  5x4 ;  in  open-coil  armatures, 
165,  x68,  174,  44a 

Fly-wheel,  analogy  to  self-induction,  8x,  85, 
94,  96 ;  on  dynamo,  5x4 

Forbes's,  Prof.,  rules  for  magnetic  leakage, 
399f  3x3 

Formers,  vide  Field-magnet  Coils  and 
Winding 

Foucault  currents,  vide  Eddy-currents 

Foundations,  5x3 

Four-pole  dynamos,  371 ;  with  two  single 
hoTseshoei,  v^t^  3x5 ;  Crompton's,  434 ;  with 
divided  circuits,  373,  314  ;  Oerlikon,  433 

Free  pole,  xo,  X3 

Frequency,  vide  Periodicity 

Fringe  of  air-gap,  37,  1x3,  X37,  997,  373, 
498 

Fundamental  equations  of  dynamo,  53,  66 


Gas-bncines,  5x4 

German-silver,  948,  466 

Gramme  winding,  xx5,  X93  :  vide  Ring 
Winding 

Gun-metal,  as  a  magnetic  insulator,  33,  916, 
431,  43a,  465, 466 ;  hub  for  ring  armatures, 
935,  238,  4x8  ;  in  commutators,  359,  4x7 


H,  MAGNETISING  force,  9X7,  238,  987 

Hand  formuUe  for  direction,  of  lines,  9X,  93  ; 
of  E.M.F.,  47 ;  of  magnetic  pull,  07 

Heating  of  dynamos  at  work,  61,  75,  394 ;  of 
armatures,  395,  397,  407,  403,  4x0,  4", 
498  ;  by  copper  resistance,  407  ;  by  eddy 
currents,  933,  937.  942,  947,  405,  408  ;  viae 
Eddy-currents  ;  by  hysteresis,  93 x,  406, 
409  ;  of  alternators,  404,  4x9,  500  :  as 
limiting  output,  75,  399,  481  ;  of  neld- 
magnet  coils,  964,  3x8,  399,  350,  395,  396, 
402,  484  ;  of  pole-pieces,  951,  408,  419,  444 

Hefner  Alteneck,  xx7 

Henry,  89 

Hopkinson,  Drs.  J.  and  E.,  on  magnetic 
circuit  equation,  3x0  ;  on  leakage  factors, 
3x1 ;  on  reaction  of  armature  current,  359, 


276  ;  on  Manchester  dynamo,  490 ;  Ediaoo- 
Hopkinson  dynamo,  ^99,  49^ ;  Hc^kinsoa 
alteniator,  454:   method  or  testing   dy> 
namos,  503 
Horns,  on  pole-pieces,  984,  4i7t  43^ 
Horse^power,  6 

Housman's  eddy-current  test,  408,  50X 
Hydraulic  analogy  to  dynamo,  9,  4,  6,  6x 
Hysteresis,  magnetic,  999 :  energy  lost  by, 
99^ ;  theoiy  erf*,  999 ;  In  dynamos,  230, 258, 
406,  409,  48X,  50X 


Impressed  E.M.F.,  83:  deduction  of  curve 
for,  93 

InducUnce,  8x,  83 

Induction,  electro-magnetic,  43,  68 

Induction,  magnetic,  93,  94  ;  lines  of,  94,  as ; 
residual,  9x9,  999,  999  ;  molecular  theory 
of,  926  :  relation  of  hysteresis,  loss  to,  295  ; 
values  for,  in  armature  cores,  958, 990, 386, 
477i  497 ;  in  air-gap,  73,  989,  998,  364,  JSa, 
495,  489,  499;  in  field-magnets,  926,  959, 
«79.  a98i  337i  483.  499 

Inductor,  4x ;  bars,  944  ;  effect  of  wkSth, 
5o,a45 

Inertia,  analogy  to  self-induction,  80 

InsUbility,  magnetic,  999 ;  of  fidd,  335, 
483.  486 

Insulation,  of  armature  cores,  949,  459,  479, 
48X ;  between  laminae  of  armature  cores, 
>33,  335i  460  ;  of  copper  wire,  3^9,  479  ;  of 
formers,  322 

Insulators,  magnetic,  33,  ax6 

Interaction  of  two  fields,  69,  70,  79 

Interferric  gaps,  vide  Air-gap 

Interpolar  gaps,  983,  373 

Iron,  magnetic  properties  of,  93,  96,  28,  9x4, 
990 ;  magnetisation-curves  01,  aao  ;  theory 
o^  997  :  wrought  iron,  930,  996,  9«4,  260, 
969 ;  cast  iron,  990,  99x,  960,  sox  :  for 
armatures,  xxa,  939 ;  discs,  23^  235,  25X. 
4x5 ;  tape,  934,  937, 439, 449 ;  wue,  934, 936 

Iron-dad  dyiuuno,  970 


Johnson  and  Phillips'  ring  dynamo,  4x5; 

Kapp  alternator,  455 
Joints,  effect  of,  in  magnetic  circuit,  975, 

377  ;  on  armature  resistance,  407 
Joule,  996 
Journals,  94X 


Kapp,  G.,  408,  498,  495 ;  alfiemator,  455 ;  00 

testing  dsrnamos,  505 
Kapp  lines,  46,  66 
Kilowatt,  5,  6 


L,  =cobppicibnt  of  self4nduction,  8x 
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Lag,  of  resultant  behind  impressed  E.M.F., 
93  :  angle  of,  99 

Lamination  of  armature  cores,  933,  934,  937, 
499, 497, 434, 460 ;  of  armature  bars,  947, 499 

Lap  winding,  198 

Lead  of  brushes,  341,  351,  359,  366,  370,  374, 
385,  445 

Leading  and  trailing,  355 

Leakage,  magnetic,  33^  35;  in  multipolar 
alternators,  154, 3x9 ;  m  unipolar  machines, 
164,  496 ;  in  overtype  single  horseshoe,  979, 
999,  308  ;  in  undertype  single  horseshoe, 
267,  979,  308,  3XX,  431, 439  ;  in  Manchester 
field,  980,  ^xi ;  relation  to  size  of  machine, 

S7  ;  relation  to  exciting  power,  3^9.  313  ; 
opkinson's  measurement  of,  311 ;  internal, 

in  nng  armature,  958,  3x1 
Leakage  coefficient,  v,  3x0,  3x9 
Left-handed  winding,  X37,  X9S 
Lenz's  law,  68 
Line,  neutral,  170,  356 
Line  of  maximum  field,  X70 
Line  of  symmetry,  357 
Lines  of  force,  t9,  X3,  xs,  19, 9x  ;  unit  CG.S., 

x6,  45 ;  unit  Kapp  line,  46  ;  as  opposed  to 

lines  of  induction,  94 
Lines  of  induction,  94,  96 
Long-shtmt  compound-winding,  344 
Loops  of  armature  winding,  formation  of, 

XI5,  XX7,  X9X,  X93,  X97 

Losses  in  dynamo,  6,  394;  in  field-magnet 
coils,  959,  964, 3x8,  340, 409  :  in  armatures, 
403 ;  measurement  of,  408,  501 ;  vide  Hys- 
teresis, and  Eddy-currents 

Lowrie-Parker  alternator,  450 

Lubrication,  of  bearings,  4x8,  460,  5x5  ;  of 
commutator,  5x6 

Magnet,  bar,   9,   X9 ;   electro-,    93  ;   per- 
manent,  96,  97,  999  ;   of  dynamo,  vide 
Field-magnets 
Magnetic  circuit,  equation  for,  9$),  33,^  34,  36, 
987 ;  divided,  967,  970,  979  ;  joints  in,  275, 
977 
Magnetic  field,  vide  Field 
Magnetic  induction,  vide  Induction 
Magnetic  instability,  vide  Instability 
Magnetic  Ii^,  vide  Hysteresis 
Magnetic  leakage,  vide  Leakage 
Magnetic  pull,  vide  Pull,  Magnetic 
Magnetic  saturation,  vide  Saturation 
Magnetisation  of  iroii^  by  induction,  93,  214, 
317,  991 ;  curves  of,  916,  2x8,  991,  993  ;  in 
dynamos,  best  degree  of,  vide  Induction ; 
molecular  theory  of,  997 
Magnetisation  curves  of  dynamos,  3x5,  33X, 

341,  34B 
Magnetising  force.  H,  9x7,  998,  987 
Magnetism,  residual,  vide  Residual  Mag- 
netism 


Magneto-motive  force,  30,  s88  ;  of  armature 
ampire-tums,  361,  363,  368,  371 ;  of  field- 
magnet,  35, 987, 990, 304:  vide  Amp&re-turns 

Main  or  series  coOs,  339 ;  vide  Compound- 
wound  Dynamos 

Manchester  dynamo,  4x8,  499 

Manchester  field,  96x,  969,  967,  968,  31X,  4x8 

Mather  and  Piatt's,  Edison-Hopkinson  dy- 
namo, 499 ;  Hopkinson  alternator,  454 ; 
Manchester  dynamo,  418 

Mechanical  energy  absorbed  by  dynamo,  7, 
<^>  73i  338,  499  ;  vide  Efficiency 

Mechanical  pull,  vide  Pull,  Magnetic 

Mica,  on  armatures,  949 ;  in  commutators, 
190,  25a,  954,  390 

Molecular  theory  of  induced  magnetism, 
996 

Mordey,  alternator,  464 ;  W.  M.,  on  eddy- 
current  tests,  405,  472,  505 

Motor,  electric,  68,  84,  50X 

fi,  vide  Permeability 

Multipolar  armatures,  vide  Multipolar  Dy- 
namos and  Magnets 

Multipolar  dynamos,  109,  xio;  alternators, 
vide  Alternators;  continuous-current  ma- 
chines, 207,  909,  9X9,  984  ;  armature  am- 


433 :  bchuckert,  439 ; 
lo-pole,  436 
Multipolar  magnets,  261,  27X,  275,  280,  984, 
3xai  3M.  498 

Needle,  magnetic,  9,  X3,  x8 
Negative  work  in  alternators,  97 
Neutral  line,  X70,  356 
'  ^orth  pole,  free,  xo,  14,  xs 


Oerlikon  4-pole  ring  dynamo,  433 

Oerstedt,  x8 

Oil,  for  bearings,  4x8,  460,  5x6  ;  on  commu- 
tators, 516  ;  throwers,  956,  516 

Oren-coil  armatures,  X65,  169 ;  with  two  sets 
of  coils,  x6o ;  with  four  sets  of  coils,  174 ; 
Brush  machine,  443 ;  with  three  coils,  X76, 
Thomson-Houston  machine,  446 ;  armature 
reaction  in.  399,  445 ;  efficiency  of,  445 ; 
sparking  of,  3sx,  399,  449 

Output  of  dynamos,  5,  60  ;  of  alternator, 
X04  ;  how  limited,  ^3  ;  by  heating,  75, 399, 
400,  479 ;  by  sparking,  37X,  380,  382,  385, 
388,  419,  489 ;  by  self-mduction,  50X 

Overtype  single  horseshoe  masnet,  7,  9(6, 
978,  989,  308,  374,  4x7,  497 ;  design  of,  489 

Pacinotti,  XX5 ;  toothed  armature,  950, 4x3, 

44a.  445 
Paper  in  laminated  cores,  935,  937,  4x5,  436 
Parallel   division  of  armature  winding  in 
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altematon,  138, 149, 149, 461 ;  incontmaoas 
current  machines,  187  ;  necessity  for  equal 
£.M.F.'s  and  resistances,  aoo,  984;  with 
multipolar  field,  908,  384,  440,  437 

Parallel  working  of  alternators,  453,  463, 
5ZI  ;  of  compound-wound  dynamos,  5x0; 
of  series  dynamos,  509  ;  of  shunt  djmamos, 
506 

Period,  59 

Periodicity  of  alternators,  59,  144,  147 ;  ring 
and  drum  multipolar,  14^,  451,  unipolar, 
ZS9 ;  discoidal-ring,  multipolar,  145,  454, 
497,  unipolar,  159 ;  di.sc,  multipolar,  145, 
46i,  unipolar,  164,  466 

Perii^eral  speed  of  armatures,  257,  440, 476, 
497  :  as  affecting  cooling  sunace,  404, 410 ; 
as  affecting  eddycurrents,  405,  408 

Permanent  magnets,  xo,  25,  97,  299 

Permeability,  28,  214,  9x6,  221 ;  of  air,  30^ 
9x5,  289:  of  wrought  iron,  cast  iron,  and 
cast  steel,  221 

Permeances,  leakage,  calculation  of,  300,  308, 
499 

Pitch  and  pitch-line,  X29,  132,  157,  x62,  496 

Polar  angle,  373,  381,  384 

Pole^  free  magnetic,  10  ;  N.  and  S.,  14  ; 
unit,  X5 

Pole-comers,  induction  at,  364 ;  shape  of,  373 

Pole-pieces,  reversing,  376 

Pole-pieces,  shaping  of,  946, 983,  373  ;  eddy- 
currents  in,  350, 408, 4x9, 444 ;  fringe  round, 
vide  Fringe ;  horns  on,  284,  4x7,  43X 

Polyphase  alternators,  X55 

Porcelain,  470 

Potential,  difference  of  electric^  2 ;  of  mag- 
netic, 30:  rise  of.  in  ring  winding,  193, 
X94 ;  in  drum  winding,  194 ;  in  alternators^ 
M9»  461  t 

Power  of  dynamo,  4,  5 ;  of  alternator,  9§ 

Pull,  magnetic,  on  conductor,  69,  66,  73 ;  on 
loop  in  uniform  field,  70;  on  armature 
inductors,  79, 949  ;  on  armature  cores,  940, 
974,  983,  417,  43X  ;  on  field-magnets,  974 

Pulsating  E.M.F.  and  current,  165,  449 

Pump,  analogy  of,  to  dynamo,  9,  4,  (^  6x 


Quivering  of  field,  378,  388 


Radial  depth  of  axmatnre  core,  958 

Rate  of  change,  curve  of,  87  ;  of  self-induced 

Imes,  90 
Rate  of  cutting  lines,  44,  53,  57 ;  average 

and  instantaneous,  45 
Ratio  of  width  of  winding  or  field  to  pitch, 

134.  X37.  Uai  158,  X62,  459,  453,  456,  494, 

497 
Reaction  of  armature  current  on  field,  86, 95, 

359:   effect  on  characteristic  curve,  337, 

34Z  ;  as  limiting  output,  37X,  4x9  :  in  open- 


ooU  armatiues,  393,  444;  in  altenatoxa, 
«9J.  499i  SOX 

Reciprocating  motion,  xo6 

Regulation  of  voltage,  of  alternators,  ^99 ;  of 
compound-wound  dynamo,  350,  485;  of 
constant-current  machines,  x8i,  343,  443, 
444,  448 ;  of  shunt  djnmmo,  337 

Relative  movement  of  field  and  conductor, 
43.  76 

Reluctance,  magnetic,  30,  31, 32 ;  of  leakage 
paths,  p,  35,  298,  305,  308 

Residual  magnetism,  215,  219,  222,  999,  326 

Resistance  coils  in  exciting  dicuit,  337,  350, 
471  >  4851  499 

Resistance  of  armature,  loss  of  volts  oven 
6x  ;  of  watts  over,  407, 481 ;  calculation  of, 
9^6.  479:  measurement  of,  407;  increase 
of,  by  heating,  395 

Resistance  of  field-magnet  coils,  loss  of  watts 
over,  964,  ^29/  330.  339.  346,  394,  402,  484, 
486  ;  calculation  of,  5x8,  330,  J39, 347, 484, 
485.  500 ;  increase  of,  by  heating,  3x9,  350, 
395,  396,  398,  40a,  484 

Retentiveness  of  iron,  9x5,  9x9,  939 

Reversing  field,  357,  369,  379 

Reversing  pole-pieces,  376 

Rheostat  in  exciting  circuit,  337,  350,  475, 
485,  499 

Right-handed  winding  of  armatures,  137, 195 

Rin^  alternators,  bipolar,  1x7,  X3X  ;  b^t 
widths  of  winding  and  field,  133 ;  multi- 
polar, X45,  X49,  355;  unipolar,  X98,  X58, 
x6o,  495 

Ring  armatures,  construction  of,  935,  936, 
"38. 957, 4x5,  4«9, 477  ;  for  alternators,  955  ; 
vide  Ring  Alternators:  for  contmuous- 
cunent  machines,  ampere-turns  on,  360, 
367 :  commutator  o^  386,  387,  389,  477 ; 
design  of,  478 ;  heating  of,  4x0 ;  induction 
in,  958,  996, 386, 477  ;  internal  field  of,  3x1, 
36X,  386 :  maximum  amp^-stream,  3;r9> 
382,  384 ;  proportions  of,  357,  476 ;  radial 
depth  of  discs,  958,  439,  476  ;  resistance  of, 
956.  479.  480 ;  rise  of  potential  in,  193, 438 ; 
sparking  of,  386  ;  symmetry  in,  203,  204, 
907  ;  winding  of,  343,  950,  4x5,  419,  479 

Ring  continuous-current  dynamos,  design  of, 
295.  3>5*  333,  474 ;  leakage  reluctance  of, 
308 ;  Johnson  SAd  Phillips',  4x5  ;  Man* 
Chester,  31X,  4x8 ;  Siemens  and  Habke's 
lo-pole,  436  ;  Oerlikon  4-pole,  433 

Ring  winding,  xxs  ;  of  hi-  or  multi-polar  dy- 
namos, XI 7. 134,  X38;  of  unipolar  dynamo, 
X97  ;  vide  Ring  Alternators  and  Armatures 

Rise  of  potential,  in  commutator,  199,  355 ; 
in  drum-wound  closed-coil  armature,  194 ; 
in  rin^-woimd  closed-coil  armature,  193, 
4^9 ;  m  drum-wound  alternator,  X49 ;  in 
disc  alternator,  461 

Rise  of  temperature  in  dynamo,  394,  400; 
maximum  permissible,  399 ;  of  armature, 
61.  75,  395?  397,  403,  477,  5«» ;  of  field- 
magnet  coils,  964,  3x8,  350^  396,  398,  40?, 
484.  4«6 
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Rocking-bar,  353,  39»i  43ai  439 
Rope*driviog,  453 
Rotation  of  inductor,  57,  107 

Saturation,  magnetic,  of  iron,  2x5, 3x9, 294, 
397  ;  of  pole-corners,  373  ;  df  pole-pieces, 
374 

Schuckert  disooidal^ring  dynamo,  440 

Screw  analogy  for  direction  of  lines,  30,  21 

Self  exciution,  326,  336,  483 

Self-induction,  E.M.F.  of,  78;  analogy  to 
inertia,  80;  of  loop.  6x,  of  solenoid,  82  ;  as 
rate  of  change  of  self-induced  lines^  91  :  as 
limiting  output,  501 ;  of  magnet  coils,  328  ; 
in  open-coil  armatures,  173,  xjS,  x8i,  449: 
in  snort-circuited  section  of  closed-coil 
armature,  356,  358,  389  ;  in  ring  loops,  386 

Separately-excited  dynamos,  238,  323,  350, 
396,499 

Series-wound  dynamos,  325,  327;  uses  of, 
342,  506 ;  for  high  voltages,  338^  506 ; 
characteristic  curve  of,  340 ;  field-winding 
for,  339  ;  in  series,  506  ;  in  parallel,  509 

Series-wound  multipolar  drum  armature,  209 

Shafts,  armature,  238,  239,  24X 

Sheet  of  current,  vidt  Current-sheet 

Shell,  magnetic,  22 

Shifting  of  brushes,  necessity  for,  35X,  353  ; 
efiFect  of,  370,  377 

Short-circuiting  of  section  in  closed-coil  ar- 
matures, 183,  354 ;  producing  vibration  of 
field,  378 

Short-circuiting  of  shunt  dynamo,  335 

Short-shunt  compound-wound  dynamo,  344 

Shunt-wound  dynamos,  324,  327,  329,  335; 
characteristic  curve  of,  330,  332,  335.  337  ; 
field-winding  for,  328,  484 ;  uses  of,  338  ; 
in  parallel,  yyj  ;  enect  of  short-circuiting, 
335  ;  instability  of  magnetbm  in,  335,  483, 
486  ;  maximum  current  firom,  334  ;  regula- 
tion of  voltage,  337,  485 

Siemens  and  Halske's  multipolar  dynamo, 
437 

Siemens'  dynamo,  432 

Siemens'  winding  of  drum  armature,  117, 
X93 ;  vide  Drum  Winding  and  Armature 

Sine  curve,  58 ;  rate  of  change  of,  89 ;  as- 
sumption of,  in  alternators,  99,  xox 

Slide-rails,  422,  5x3 

Solenoid,  22,  23 ;  self-induction  of,  82 

Sparking  at  brushes,  nature  of,  351  ;  in 
closed-coil  armatures,  352 ;  greater  in  ring 
armatures,  385 ;  in  open-coil  armatures, 
X74,  39a,  449 ;  vidt  Commutators 

Speed,  of  rotation,  474 ;  vide  Peripheral 
Speed 

Split-ring  commutators,  XX9,  167,  183 

Steel,  22  X  ;  cast,  220,  a6a 

Stranded  armature-bars,  248,  409,  425,  432, 
435 


Strength  of  field,  x5,  17 ;  of  straight  con- 
ductor, 20 ;  of  solenoid  with  iron  core,  23, 
26 ;  equation  for,  28  \  for  reversing,  357, 
369,  372  ;  vide  Induction 

Subdivision  of  armature  winding,  388 ;  vide 
Commutators 

Swinburne,  F.,  on  armature  reaction,  360, 
367  ;  on  reversing  field,  372,  376  ;  on  maxi- 
mum armature  amp^e-turns,  379,  387 

Symmetry  in  armature  winding,  207,  378, 
392 ;  of  field  distribution,  207,  374,  387  ; 
line  of,  359 

Synchroniser,  5x2 

Tangential  pull  on  armature,  73 

Temperature,  of  djmamos  at  work,  350,  394, 
400 ;  maximum  permissible,  ^08  ;  measure- 
ment of,  395,  309 :  of  field  coils,  396  ;  vide 
Heating  and  Rise  of  Temperature 

Terminal  voltage,  6x 

Tenninals,  3,  433,  452,  462 

Testing  dynamos,  399,  401,  501,  503 

Thermometer,  401 

Thomson-Houston  dynamo,  X76,  445 

Throttling,  magnetic,  276,  278,  374 

Thrust-bearings,  242,  435, 466 

Thury's  6-pole  dynamo,  279 

Toothed  armatures,  250,  4x3,  414,  442,  445f 
454 

Torque  on  armature,  73 

Transformation  of  energy,  5,  68 

Transmission  of  power,  342,  506 

Twisted  armature-bars,  247,  409,  429,  431 

Twisting  moment,  238 

Undbrtvpb  single  horseshoe  magnet,  266, 

268,  279,  282,  308,  374,  423,  430,  432 
Unipolar  alternators,  disc^  129,   162,   492  ; 

Mordey- Victoria,  464  ;  discoidal  ring,  128, 

158,  x6i,  496  ;  ring,  128,  157, 159,  495 
Unipolar  continuous-current  machines,  126, 

X56 
Unipolar  dynamos,  definition  of,  109  ;  simple 

'brms  o^,  135 
Unipolar  magnets,  X25,  127,   128,  X30,  160, 

101,  164,  266 
Unipolar  winding,  X27,  X57 ;  vide  Unipolar 

Alternators 
Unit,  pole,  15 ;  field.  16 ;   magneto-motive 

force,  30  ,  permeability,  30 ;  of  inductance, 

82  ;  vide  also  CG.S.  System 


Varnished  armature  discs,  434 

Ventilation,  internal,  of  armature  cores,  41  x, 
461 

Vibration^  mechanicaL  effect  on  residual 
magnetism,  229  j  of^  field,  due  to  short- 
circuiting  of  section,  378,  388 

Volt,  4,  45 
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Voltage  of  dynamos,  5,  6z ;  equations  of, 
53,  3IX,  487 

Washbrs,  iron,  for  armatures,  vide  Arma- 
ture-cores 

Watt,  4,  6 

Wave  winding,  197 

Width  of  brush,  3^1 ;  of  arc  of  contact,  355, 
389,  390,  432;  ui  T^omson•Houston  dy- 
namo, 177,  448 

Width  of  coil,  effect  of,  in  alternators,  vide 


Alternators  and  Differential  Action  ;  in 
continuous-current  machines,  387 

Width  of  inductor,  effect  of,  50,  51,  245 

Willans  engine,  426,  431,  435,  47s 

Winding  of  armatures,  942,  244,  474  ;  v'de 
Ring,  Drum,  Discoidal-ring,  and  Disc ;  of 
field-magnet  coils,  321,  322,  399,  339,  346, 
484,  Soo 

Wire,  copper,  cost  of,  328 ;  insulation  of,  322, 
479 ;  iron,  for  armature  cores,  231,  936 

Zinc,  as  a  magnetic  insulator,  33,  216, 493 
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to  be  useful  to  au  who  are  genuine  students  of  electricity  and  its  methods.' 

By  G.  E.  BoNNEV.  Electrical  Review. 

ELECTRICAL  EXPERIMENTS.    With  144  Illustrations.    2j.  6d, 
'This  Is  an  excellent  book  for  boys.'—Electrical  Review. 
By  G.  E.  BoNNBY. 
INDUCTION  COILS.     A  Practical  Manual  for  Amateur  Coil-makers. 
With  a  new  Chapter  on  Coils  for  Radiography.    With  zoi  Illustrations,    ye. 
'  In  Up.  Bonney*S  USefUl  book  every  part  of  the  coil  is  described  minutely  in 
detail,  and  the  methods  and  materials  required  in  inscdating  and  winding  the  wire  are 
fully  cotaidtnd.*— Electrical  Review. 

By  G.  E.  BoNNBY. 

THE  ELECTRO-PLATERS'  HANDBOOK.     A  Practical  Manual  for 

Amateurs  and  Young  Students  in  Electro-Metallurgy.    With  Full  Index  and  6i 

Illustrations.     Second  Edition,  Revised  and  Enlarged,  with  an  Appendix  on 

ELECTROTYPING.    3*. 

'An  amateur  eould  not  wish  for  a  better  exposition  of  the  elements 

of  the  subieet.  .  .  .  The  work  has  an  excellent  index  and  6x  Illustrations,  and  will 

form  a  useful  addition  to  Messrs.  Whittaker's  valuable  series  of  practical  manuals.' 

Electrical  Review. 
'  The  work  is  of  evident  utility,  and  has  before  it  a  {yxtvan.*— Chemical  News, 

*  It  contains  a  large  amount  of  sound  information.'— A^a/»rr. 

By  Joseph  Poole,  A.I.E.E.  (Wh.  Sc.  1875),  Chief  Electrician  to  the  New  Telephone 
Company,  Manchester. 

THE  PRACTICAL  TELEPHONE  HANDBOOK.     With  228  Illus- 

trations.    Second  Edition.    Revised  and  considerably  Enlarged.    5;. 
'  This  essentially  practical  book  is  published  at  an  opportune  moment.'— Electrician. 

*  It  contains  readable  accotmts  of  all  the  best-known  and  most  widely  used  instru* 
ments,  together  with  a  considerable  amount  of  information  not  hitherto  published  in 
book  form.' — Electrician.  * 

'  Will  be  found  ^  both  useful  and  interesting  to  persons  who  use  the  telephone,  as 
Mr.  Poole's  exposition  of  telephonic  apparatus  is  botn  clear  and  comprehensive.' 

Saturday  Review. 
By  Sydney  F.  Walker,  M.I.E.EMA.M.Inst.C.E. 
ELECTRICITY  IN  OUR  HOMES  AND  WORKSHOPS.   A  Practical 

Treatise  on  Auxiliary  Electrical  Apparatus.   Third  Edition.  Revised  and  Enlarged. 
With  X47  Illustradans.    6s. 

*  It  would  Se  di£Bcult  to  find  a  more  i>ainstaking  writer  when  he  is  describing  the 
conditions  of  practical  success  in  a  field  which  he  has  himself  thoroughly  explored.' 

Electrician. 

*  Mr.  Walker's  book  is  evidently  the  work  of  a  practical  man  who  has  had  much 
experience.  .  .  .  The  praetleal  hints  are  likely  to  be  of  solid  value.' 

Saturday  Review. 
'  The  work  is  a  valuable  contribution  to  the  literature  of  electrical  science  in  its  more 
practical  iMxm&.'— Iron  and  Coal  Trades  Review, 
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2      Wkitia  ker*s  Library  of  Arts^  ScieticeSy  Manufaduns^  and  Industries, 
By  F.  C.  Allsop,  Author  of '  The  Telephones  and  their  Construction.' 

PRACTICAL    ELECTBIC-LIGHT   FITTING.     A   Treatise   on  the 

Wiring  and  Fitting  up  of  Buildings  deriving  current  from  Central  Station  Mains, 
and  the  Laying  down  of  Private  Installations,  including  the  lateft  edition  of  the 
Phoenix  Fire  OflSce  Rules.    With  934  Illustrations.    Second  Edition,  Revised,  sx. 

'  A  book  we  have  every  confidence  in  recommending/ — Daily  Chronicle, 

'  A  highly  practical  arid  useful  book.'— ££r>lM»R^. 

*  The  book  iscertably  very  complttc'— Electrical  Xeview. 

By  J.  HoPKiNSON,  D.Sc,  F.R.S. 

DTNAMO  MACHINEIBY,    ORIGINAL    PAPERS   ON.     With   9S 

Illustrations.    5^. 
Must  prove  of  ffPeat  value  to  the  student  and  young  engineer.' 

*  A  most  valuable  work.*— Etvlisk  Meckanic,  Electrical  Review. 

By  S.  R.  BoTTOME. 

ELECTRICAL  INSTRUMENT  MAKING   FOR    AMATEURS.      A 

Practical  Handbook.    With   78    Illustrations.    Sixth    Edition,     revised    and 
enlarged,    v. 

'To  those  about  to  study  eleetrieity  and  Its  application  this  book 
will  form  a  very  useful  eompanion.*— ytfrcAoM/Vo/  iVorid. 

By  S.  R.  BoTTONE. 

ELECTRO-MOTORS,  How  Made  and  How  Used.    A  Handbook 

for  Amateurs  and  Practical  Men.  With  70  Illustrations.    Third  Edition,  revised 
and  enlarged,      y. 
'  Mr.  Bottone  has  the  faculty  of  writing  so  as  to  be  understood  by  amateurs.' 

Indusines. 
'  We  are  certain  that  the  knowledge  gained  in  constructing  machines  such  as  described 
in  this  book  will  be  of  great  value  to  the  warVtx.'—E&ctrical  Engineer. 

By  S.  R.  Bottone. 
ELECTRIC  BELLS,  AND  ALL  ABOUT  THEM.     A  Practical  Book 

for  Practical  Men.    With  more  than  xco  Illustrations.    Fifth  Edition,  Revised 
and  Enlarged,    y. 
'  Any  one  desirous  of  undertaking  the  practical  work  of  electric  bell-fitting  will  find 
everything,  or  nearly  everything,  he  wants  to  knovr.'— Electrician, 
'llO  bell-fltteP  should  be  without  \i,*— Building  News. 
ByS.  R.  Bottone. 

THE  DTNAMO:  How  Made  and  How  Used.     Ninth  Edition, 

with  additional  matter  and  illustrations,    m.  6^. 
HOW  TO  MANAGE  A  DYNAMO.    By  the  same  Author.    Illustrated. 

Pott  8vo.  cloth.    Pocket  size,     is, 
'  This  little  book  will  be  very  Ms^iyxV— Electrical  Engineer. 

By  Sir  David  Salomons,  Bart.,  M.A.,  Vice-President  of  the  Institution  of 
Electrical  Engineers,  &c. 

ELECTRIC-LIGHT  INSTALLATIONS,  AND  THE  MANAGEMENT 

OF  ACCUMULATORS.  A  Practical  Handbook.  Sixth  Edition,  revised 
and  enlarged,  with  numerous  Illustrations.    6r. 

'  We  advise  every  man  who  has  to  do  with  installation  work  to 

study  this  yrork,*— Electrical  Engineer. 

*  To  say  that  this  book  is  the  best  of  its  kind  would  be  a  poor  compliment,  as  it  is 

practieally  the  only  work  on  aocumulators  that  has  been  written.' 

Electrical  Review. 
By  J.  Grav,  B.Sc. 

ELECTRICAL  INFLUENCE  MACHINES  :  containing  a  Full  Account 

of  their   Historical  Development,   their  Modem  Forms,    and    their    Practical 
Construction,    as.  6d. 
'  This  excellent  hook.*— Electrical  Engineer. 

*  We  reeommend  the  book  strongly  to  all  o\ootrioiaMS.*—ElectricalPlanf. 

By  Edwin  J.  Houston,  M.A.,  Professor  of  Natural  Philosophy  and  Physical  Geography 
«     in  the  Central  High  School  of  Philadelphia,  Professor  of  Physics  in  the  Franklin 
Institute  of  Pennsylvania,  &c 

ADVANCED  PRIMERS  OF  ELECTRICITY. 

Vol.      I.-ELECTRICITV  AND  MAGNETISM.    3*.  &/. 

Vol.    IL— ELECTRICAL  TRANSMISSION  OF  INTELLIGENCE.    St. 

Vol.  III.— ELECTRICAL  MEASUREMENTS.    5*. 
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Lighting,  $5, 
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each. 
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Lenses,  Photographic,  Taylor,  3^.  6d. 

Light,  Sir  H.  T.  Wood,  2s,  6d. 

Lightning  Conductors,  Lodge,  15J. 

Lloyd's  Mine  Manager,  \s,  6d, 

Locomotives,  Cooke,  7j.  6d, 


Locomotives,  Reynolds,  2s.  6d. 

Engineer,  McDonnell,  is. 

Lodge's  Hertz,  2s,  6d,  net. 
Lodge's  Lightning  Conductors,  15^. 
Loppe     and     Bouquet's     Alternate 

Currents,  lOf.  6d, 
Lukin's  Turning  Lathes,  3^*. 

Screws,  3J. 

Lunge  and  Hurter's  Alkali  Makers' 

Handbook,  \os,  6d, 
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Engineer,  \s. 

Maclean's  Physical  Units,  2s,  6d. 

Maginnis'  Atlantic  Ferry,  *js,  6d, 

Magnetic  Induction,  Ewing,  lox.  6d, 

Magnetism,  Kingdon,  *is,  6d, 

Manchester  Ship  Canal,  35.  6d. 

Manual  Instruction  and  Training. 

Manures,  Griffiths,  7^.  6d, 

Marine  Engineers,  advice  to,  Roberts, 
2s.  6d, 

Drawing  and  Designing,  6s, 

Electric  Lighting,  $s, 

Marshall's  Cakes,  is, 

Martin's  Structures,  4J. 
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Maycock's  Electricity  and  Magnetism, 
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Electric  Lighting,  6s, 

Alt.  Current  Circuit,  2s,  6d, 

Electric  Wiring,  Switches,  6s. 

Details  Book,  2s,  6d,  net. 

Mechanical  Tables,  is,  6d. 

Eng.,  Imray  and  Biggs,  3^.  6d, 

Mech.  Eng.  Pocket  Book,  5^. 

Medical  Terms,  Iloblyn,  lor.  6d, 

Merrill's  Electric  Lighting  Speci- 
fications, 6s, 

Metal  Turning,  4J. 

Work,  Leland,  5j. 

Metric  System,  Wagstaff,  is.  6d. 

Measures,  Bom,  3J. 

Middleton's  Surveying,  4J.  6d. 

Mill  Work,  Sutcliffe,  21J. 

Millinery,  Ortner,  2s,  6d, 

Mine  Manager,  Lloyd,  is.  6d. 

Ventilation,  Tate,  6d. 

Halbaum,  ix. 

Mineralogy,  Hatch,  2s,  6d, 
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Mining  Arithmetic,  W.  Tate,  6d. 

Examinations,  Davies,  2  parts, 

IS.  6d,  each.  [6d. 

Student's  Examples,  W.  Tate, 

Students'  Handbooks,  9  parts, 

6d.  each. 

Mitton's  Fiery  Mines,  is.  [los.  6d. 
Model  Steam  Engine  Making, 
Moffett's  Alternate  Currents,  10;.  6^. 
Motors,  Electric,  3^. 

Houston,  $5. 
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Naval  Tactics,  Fitzgerald,  is. 
Neumann's     Electrolytic     Analysis, 
Niblett's  Electricity,  2s.  6d.  {los.  6d. 
Nicholl's  Agricultural  Engineering  in 

India,  y.  6d. 
Noll's  Wiring,  6s. 

Optical  Activity  and  Chemical  Com- 
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Optical  Instruments,  Orford,  2s.  6d. 
Optics  of  Photography,  3J'.  6d. 
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Modem  Optical    Instruments, 

Ortner's  Millinery,  2s.  6d. 

Ozone,  Andreoli,  2s.  6d, 

Parham  and  Shedd's  Dynamo  Test- 
ing,  8x.  6d, 

Parkhurst's  Dynamo  Building,  4^.  6f/. 

Parshall's  Armature  Winding,  30;. 

Patenting  Inventions,  2s.  6d,  net. 

Pattern  Making,  3^.  6d. 
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Photographic  Lenses,  Taylor,  y.  6d. 

Physical  Chemistry,  41.  6d. 

Units,  Maclean,  2j.  6d. 
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Plant  World,  Massee,  2s.  6d. 
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Ponce  de  Leon's  Spanish  Techno- 
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